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INTRODUCTION 


We  have  previously  implicated  the  PPI  activity  of  CypA  in  the  function  of  the 
prolactin/prolactin  receptor  (PRL/PRLr)  complex  during  the  pathogenesis  of  human  breast 
cancer  (7).  In  this  project,  we  will  study  how  CypA  modulates  PRLr  signaling.  We  aim  to 
accomplish  this  through  a  multidisciplinary  approach  that  combined  biological,  biophysical 
structural  and  animal  studies.  There  are  two  major  hypotheses  in  this  proposal:  (1).  CypA 
regulates  PRLr  signaling  function  by  altering  structure  of  the  PRLr  complex  via  its  intrinsic 
PPIase  activity;  (2).  CypA  level  and  activity  substantively  contributes  to  the  biology  of  human 
breast  cancer  through  its  regulation  of  cell  surface  signaling,  including  that  of  the  PRLr.  We 
believe  that  the  knowledge  obtained  from  this  work  will  contribute  to  a  greater  understanding  of 
the  mechanism  of  proximal  PRLr  transduction  following  ligand  binding.  Given  prolyl  isomerases 
are  also  associated  with  other  cell  surface  receptors  such  as  transforming  growth  factor  beta 
receptor  (TGF[3r)  and  epidermal  growth  factor  receptor  (EGFr)  (2,  3),  this  study  may  provide  a 
general  structural  model  for  the  study  of  the  functional  interactions  between  prolyl  isomerases 
and  cell  surface  receptors. 


BODY 


Three  specific  aims  were  proposed  in  this  multidisciplinary  postdoctoral  award. 

Specific  Aim  #1:  To  map  the  domains  involved  in  the  CypA-PRLr-Jak2  interactions. 

Specific  Aim  #2:  To  detennine  the  functional  structure  of  the  CypA-PRLr-Jak2  complex. 
Specific  Aim  #3:  To  evaluate  the  functional  effects  of  manipulating  CypA  levels  and  PPIase 
activity  on  PRLr  signaling  and  breast  cancer  phenotype  in  vitro  and  in  vivo. 

Statement  of  Work 

The  tasks  to  achieve  the  specific  aims  listed  above  are  covered  in  the  statement  of  work 
as  outlined  below.  Items  that  had  to  be  completed  in  the  first  year  of  the  award  period  are 
indicated  in  bold. 

Task  1:  In  vitro  mapping  of  the  CypA-PRLr-Jak2  interaction  domains  (Months  0-6). 

a.  Synthesis  of  Jak2  mutants  and  PRLr  mutants  by  PCR-directed  mutagenesis  (Months 
0-3). 

b.  Identification  of  the  region  of  the  PRLr  and  Jak2  which  bind  to  CypA  by  co- 
immunoprecipitation  studies  using  a  293  cell-based  transfection  in  vivo  model 
system  (Months  3-6). 

Task  2:  Detennination  of  the  functional  structure  of  the  CypA-PRLr-Jak2  complex  (Months  6- 
36). 

a.  Co-crystallization  of  the  CypA/PRLr/Jak2  interaction  domains  by  the  chaperone-assisted 
crystallography  “CDC”  technology  (Months  6-36). 

b.  Determination  of  the  magnitude  and  nature  of  the  confonnational  changes  that  are 
induced  in  the  ICD  of  the  PRLr  and  Jak2  by  EPR  spectroscopy  analysis  (Months  12-36). 


4 


c.  Functional  characterization  of  the  putative  proline  residues  that  are  the  target  of 
CypA  activity  by  site-directed  mutagenesis,  co-immunoprecipitation,  and  in  vitro 
cell  culture  models  (Months  12-36). 

Task  3:  Assessment  of  the  effects  of  manipulating  CypA  levels  and  PPIase  activity  on  PRLr 
signaling  and  breast  cancer  phenotype  in  vitro  and  in  vivo  (Months  12-36). 

a.  Design  and  synthesis  of  interaction-defective  CypA  mutants  and  constructs  (Months  12- 
18). 

b.  Generation  of  stable  transfectants  that  overexpress  interaction-defective  CypA  mutant  via 
a  lentivirus-based  delivery  system,  and  that  express  the  reduced  level  of  CypA  via  a 
retriovirus-based  siRNA  knockdown  system  (Months  12-18). 

c.  In  vitro  testing  of  the  effects  of  manipulating  CypA  levels  and  activity  on  PRLr  signaling. 
(Months  12-36). 

d.  In  vivo  testing  of  the  effects  of  manipulating  CypA  levels  and  activity  on  the  biology  of 
breast  cancer  using  xenografted  murine  model.  (Months  12-36). 

Task  1.  In  vitro  mapping  of  the  CypA-PRLr-Jak2  interaction  domains  (Months  0-6). 

In  the  first  year,  one  of  the  tasks  to  be  completed  was  detennination  of  the  CypA-PRLr- 
Jak2  interaction  domains.  For  this  purpose,  we  utilized  biochemical  techniques  to  determine  the 
domain  of  the  PRLr  that  interacts  with  CypA.  On  the  basis  of  the  primary  structure  of  the  PRLr, 
a  set  of  its  C-tenninal  deletion  constructs  were  assembled  into  the  pTracer  vector  using  PCR- 
directed  mutagenesis,  including  the  wild-type  long  form  of  the  PRLr,  the  short  form  of  the  PRLr, 
and  truncations  of  ICD  between  conserved  domains  of  the  PRLr  at  residues  326,  314,  276,  and 
264.  A  V5-tag  was  fused  to  the  3 ’-end  of  all  deleted  constructs,  Physical  interaction  or  lack  of 
these  mutants  with  CypA  thereof  was  tested  by  co-immunoprecipitation  (anti-CypA 
immuoprecipitation  followed  by  anti-V5  immunoblot)  in  a  293  cell-based  transfection  system. 
Our  published  data  (Figure  4)  suggested  that  truncations  of  the  PRLr  membrane-proximal  to  the 
X-box  motif  were  incapable  of  interacting  with  CypA,  revealing  a  contribution  of  the  X-box 
motif  to  the  engagement  of  CypA  (4).  Taken  together,  our  data  suggests  that  the  PRLr  is 
associated  with  CypA  through  its  X-box  motif.  Note  that  the  results  of  these  studies  will  be  used 
to  determine  the  structure/function  relationships  of  this  protein  complex  when  analyzed  with  data 
from  crystallography  and  EPR  spectroscopy  as  proposed  in  Aim  #2. 


Task  2:  Determination  of  the  functional  structure  of  the  CypA-PRLr-Jak2  complex 
(Months  6-36). 

c.  Functional  characterization  of  the  putative  proline  residues  that  are  the  target  of 
CypA  activity  by  site-directed  mutagenesis,  co-immunoprecipitation,  and  in  vitro 
cell  culture  models  (Months  12-36). 

According  to  schedule,  the  plans  for  functional  characterization  of  the  putative  proline 
residues  within  the  PRLr  that  are  targets  of  CypA  activity,  will  be  pursued  after  the 
determination  of  the  functional  structure  of  the  PRLr-CypA  complex.  Our  data,  however,  have 
revealed  that  the  X-box  motif  is  an  essential  mediator  for  the  interaction  of  the  PRLr  with  CypA. 
Furthermore,  analysis  of  the  X-box  motif  revealed  a  proline  at  residue  334  of  the  PRLr  that  is 
highly  conserved  across  species.  Therefore,  we  hypothesized  that  P334  in  the  X-box  may 
contribute  to  the  engagement  of  CypA.  To  test  this  hypothesis  a  proline-to-alanine  replacement 
mutation  of  the  PRLr  was  generated  (P334A),  and  the  ability  of  this  mutant  PRLr  to  interact  with 
CypA  and  mediate  PRL-induced  signaling  was  tested  (see  more  detail  in  Figure  4)  (4).  These 
studies  revealed  that  when  expressed  in  T47D  cells,  the  mutant  PRLr  P334A  demonstrated  a 
significantly  reduced  association  with  CypA.  Furthermore,  the  ability  of  the  P334A  mutant  to 
induce  Jak2  and  Stat5  phosphorylation  (in  comparison  to  wild  type  PRLr  transfected  control) 
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was  also  significantly  diminished.  Further,  overexpression  of  the  PRLr  P334A  mutant  in  T47D 
cells  resulted  in  a  dose-dependent  reduction  in  the  PRL-induced  expression  of  both  co¬ 
transfected  LHRE  and  CISH  luciferase  reporters  and  endogenous  CISH  protein.  These  findings 
are  notable,  in  that  T47D  cells  are  known  to  express  high  levels  of  endogenous  PRLr,  indicating 
that  the  P334A  mutant,  most  probably  through  heterodimerization  with  the  wild  type  PRLr, 
functions  as  a  dominant  negative  receptor.  When  assessed  with  the  data  presented  above,  these 
findings  would  indicate  that  the  direct  action  of  the  CypA  on  the  PRLr  is  required  for  effective 
PRL-induced  signaling,  a  process  that  is  inhibited  by  the  PRLr  P334A  mutant.  These  findings 
were  further  confirmed  by  control  experiments  which  demonstrated  that  the  PRLr/Jak2 
interaction  was  not  affected  by  the  P334A  mutation. 

From  a  translation  perceptive,  we  synthesized  the  X-box  peptide  and  examined  its  effects 
on  PRL  signaling  in  T47D  breast  cancer  cells  using  cell-permeable  peptide  as  a  delivery  system. 


A 

Control  peptide  sequence: 

RQIKIWFQNRRMKWKK 

PRLr  X-box  peptide  sequence: 

RQIKIWFQNRRMKWKK  LMSVHSKEHPSQ 
P334A  peptide  sequence: 
RQIKIWFQNRRMKWKK  LMSVHSKEHASQ 


B 

peptide  (10  pM)  Control  PRLr  X-box 
PRL  (lOOng/ml)  0  15  0  15  min 


T47D 


IB: 


pStat5 

Stat5a 

pErk 

Erk 

pAkt 

Akt 


>> 

> 


CISH  Reporter  T47D 


D  PRL  (0  ng/ml) 

■  PRL  (100  ng/ml) 


*  p  <  0.05 


IB: 


GAPDH* 


10  pM 


PRLr  X-box 


T47D 

Control  PRLr  X-box 


peptide  ( pM)  o 
PRL  (100  ng/ml) - 
CISH 


0  1  10 
+  +  + 


0  1  10 
+  +  + 


The  X-box  peptide  blocks  PRL  signaling.  (A),  Sequences  of  control  and  the  PRLr  X  box  peptides. 
Control  peptide  is  the  Antennapedia  homeodomain,  a  cell-permeable  peptide;  The  X-box  peptide  is 
composed  of  the  Antennapedia  homeodomain  and  the  X-box  motif  (underlined  sequence).  (B),  The 
X-box  peptide  blocks  the  activation  of  the  PRLr-associated  signaling.  T47D  cells  were  starved 
overnight  and  pre-treated  with  10  pM  of  control  or  PRLr  X-box  peptide  for  1  hour  as  indicated. 
Cells  were  stimulated  with  PRL  (100  ng/ml)  for  15  minutes.  Blots  were  probed  with  the  indicated 
antibodies. (C),  The  X-box  peptide  inhibits  PRL-induced  gene  expression  from  CISH  luciferase 
reporter  and  endogenous  CISH.  T47D  cells  were  transfected  with  CISH  luciferase  reporter.  Cells 
were  starved  overnight  and  pre-treated  with  0,  1 ,  and  1 0  pM  of  control  or  the  X-box  peptide  for  1 
hour  as  indicated.  After  24  hours  PRL  (100  ng/ml)  treatment,  cell  lysates  were  analyzed  for 
luciferase  activity  and  endogenous  CISH  protein  level.  The  results  are  representative  of  two 
independent  experiments. 


Our  data  demonstrated  that  the  X-box  peptide  but  not  control  peptides  (either  cell-permeable 
peptide  or  P334A  peptide)  was  able  to  significantly  block  PRL  signaling  and  reduce  PRL- 
induced  gene  expressions  from  CISH  luciferase  reporters  and  endogenous  CISH.  Taken  together, 
these  data  suggest  that  the  X-box  peptide  appears  to  be  a  specific  and  potent  inhibitor  of  PRL 
signaling. 


Multidisciplinary  Training  Program: 
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The  proposed  studies  are  multidisciplinary  in  nature  as  they  combine  the  two  distinct  fields 
of  cell  biology  and  biophysics.  For  training  in  tumor  biology,  the  principal  investigator  continued 
attending  breast  cancer  progression  seminar  series  at  the  Northwestern  University.  In  order  to  be 
able  to  carry  out  the  proposed  functional  structure  analysis  of  the  PRLr/Jak2/CypA  complex,  the 
principal  investigator  acquired  the  necessary  training  in  structure  biology,  X-ray  crystallography 
and  NMR  spectroscopy  by  auditing  the  relevant  course  at  the  University  of  Chicago. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Identifying  that  the  PRLr  X-box  motif  interacts  with  CypA 

•  Developing  a  peptide  inhibitor  which  blocks  PRL  signaling 

•  Course  training  of  the  principal  investigator  in  X-ray  crystallography  and  NMR 
spectroscopy 


REPORTABLE  OUTCOMES 

Journal  Papers 

Zheng,  J.,  J.  E.  Koblinski,  L.  V.  Dutson,  Y.  B.  Feeney,  and  C.  V.  Clevenger.  2008.  Prolyl 
isomerase  cyclophilin  A  regulation  of  Janus-activated  kinase  2  and  the  progression  of  human 
breast  cancer.  Cancer  Research  68:7769-7778. 

Clevenger,  C.V.,  S.L.  Gadd,  and  J.  Zheng.  2009.  New  mechanisms  for  PRLr  action  in  breast 
cancer.  Trends  in  Endocrinology  and  Metabolism.  In  press. 

Conference  Abstracts  and  Posters 

Zheng  J.,  A.  Kossiakoff,  and  C.  Clevenger.  “Multidisciplinary  Analysis  of  Cyclophilin 
A/Prolactin  Receptor  Complex  Function  in  Human  Breast  Cancer”.  Dod  The  Leading  Innovation 
and  Knowledge  Sharing  (LINKS)  Meeting,  Vienna,  VA,  February  9-  10,  2009. 


CONCLUSIONS 

In  the  first  year  of  the  award  period,  the  specific  aims  we  accomplished  were  mapping  of 
the  PRLr/CypA  interacting-domain,  development  of  a  X-box  derived  peptide  inhibitor  which 
blocks  PRL  signaling,  and  training  of  the  principal  investigator  in  breast  cancer  and  structure 
biology.  During  this  period,  we  haven’t  encountered  any  major  challenges.  Next  steps  in  the 
study  will  be: 

•  Determining  the  three-dimensional  structures  of  CypA  complexed  with  the  X-box 
peptide  from  the  PRLr  by  standard  X-ray  crystallography. 

•  Determining  the  three-dimensional  structures  of  Jak2  FERM  domain  complexed 
with  the  PRLr  ICD  domain  by  Chaperone- Assisted  Crystallography  “CAC” 
technology. 

•  Mapping  the  Jak2/CypA  interacting  domains  and  detennining  their  structures  by 
standard  X-ray  crystallography. 

The  completed  research  and  training  grant  will  support  the  PTs  planned  career  in  breast 
cancer  research,  by  enabling  him  to  translate  structure/function  relationships  of  receptor  action 
into  pre-clinical  models  of  this  disease. 
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Research  Article 


Prolyl  Isomerase  Cyclophilin  A  Regulation  of  Janus-Activated 
Kinase  2  and  the  Progression  of  Human  Breast  Cancer 

Jiamao  Zheng,  Jennifer  E.  Koblinski,  Laura  V.  Dutson,  Yvonne  B.  Feeney,  and  Charles  V.  Clevenger 


Breast  Cancer  Program,  Robert  H.  Lurie  Comprehensive  Cancer  Center  and  Department  of  Pathology, 
Northwestern  University,  Chicago,  Illinois 


Abstract 

The  activation  of  the  Janus-activated  kinase  2  (Jak2)  tyrosine 
kinase  following  ligand  binding  has  remained  incompletely 
characterized  at  the  mechanistic  level.  We  report  that  the 
peptidyl-prolyl  isomerase  (PPI)  cyclophilin  A  (CypA),  which  is 
implicated  in  the  regulation  of  protein  conformation,  is 
necessary  for  the  prolactin  (PRL)-induced  activation  of  Jak2 
and  the  progression  of  human  breast  cancer.  A  direct 
correlation  was  observed  between  the  levels  or  activity  of 
CypA  and  the  extent  of  PRL-induced  signaling  and  gene 
expression.  Loss  of  PRLr-CypA  binding,  following  treatment 
with  the  PPI  inhibitor  cyclosporine  A  (CsA),  or  overexpression 
of  a  dominant-negative  PRLr  mutant  (P334A)  resulted  in  a 
loss  of  PRLr/Jak2-mediated  signaling.  In  vitro,  CsA  treatment 
of  breast  cancer  cells  inhibited  their  growth,  motility, 
invasion,  and  soft  agar  colony  formation.  In  vivo,  CsA  treat¬ 
ment  of  nude  mice  xenografted  with  breast  cancer  cells 
induced  tumor  necrosis  and  completely  inhibited  metastasis. 
These  studies  reveal  that  a  CypA-mediated  conformational 
change  within  the  PRLr/Jak2  complex  is  required  for  PRL- 
induced  transduction  and  function  and  indicate  that  the 
inhibition  of  prolyl  isomerases  may  be  a  novel  therapeutic 
strategy  in  the  treatment  of  human  breast  cancer.  [Cancer  Res 
2008;68(19):7769-78] 

Introduction 

Peptidyl-prolyl  isomerases  (PPI)  are  a  family  of  enzymes  that 
catalyze  the  cis-trans  interconversion  of  imide  bonds  of  proline 
residues  (1).  One  member  of  this  family,  cyclophilin  A  (CypA), 
was  initially  identified  as  the  primary  cytosolic  receptor  of 
the  immunosuppressive  drug  cyclosporine  A  (CsA;  ref.  2).  The 
immunosuppressive  activity  of  CsA  is  thought  to  be  mediated  by 
the  engagement  of  calcineurin  by  the  CsA-CypA  complex  (3),  an 
observation  supported  by  the  finding  that  CypA  knockout  mice  are 
resistant  to  immunosuppression  by  CsA  (4).  As  a  PPI,  CypA  has 
been  found  to  assist  in  protein  folding  in  vivo  (5).  Several  lines  of 
research,  however,  have  revealed  that  CypA  and  other  PPIs  may 
function  as  molecular  signaling  “switches”  (6).  Indeed,  it  has  been 
shown  that  PPI  activity  promotes  viral  replication  and  infection  of 
HIV  (7),  modulates  Itk  and  Crk  signaling  (8,  9),  regulates  the  pore 
opening  of  a  neurotransmitter-gated  ion  channel  (10),  functions 
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as  a  molecular  timer  for  phage  infection  (11),  and  controls  tran¬ 
scription  factor  activity  (12). 

Additional  data  also  suggest  that  CypA  may  contribute  to  the 
pathology  of  human  malignancy.  CypA  is  overexpressed  in  a  large 
number  of  lung  (13),  pancreatic  (14),  and  oral  squamous  cancer 
cells  and  tissues  (15).  Significantly,  in  a  case  cohort  of  25,000 
women  who  had  received  CsA  as  therapy  for  renal  and  cardiac 
allografts,  a  reduction  in  the  incidence  of  breast  cancer  of  up  to 
50%  in  the  CsA-treated  group  was  noted  during  a  10-year  follow-up 
period.  Indeed,  in  their  first  year  of  therapy,  the  CsA-treated  cohort 
showed  a  90%  reduction  in  the  incidence  of  breast  cancer  (16). 
Taken  together,  these  data  suggest  that  CypA  may  play  an  impor¬ 
tant  role  in  tumorigenesis  and  serve  as  a  target  for  PPI  inhibitors 
in  the  oncologic  setting. 

The  important  role  of  the  hormone  prolactin  (PRL)  in  the 
development  and  progression  of  breast  cancer  has  been  supported 
by  epidemiologic  studies  and  transgenic  model  studies  (17-19). 
The  effects  of  PRL  on  normal  and  malignant  breast  tissues  are 
mediated  by  the  prolactin  receptor  (PRLr),  a  member  of  the 
cytokine  receptor  superfamily  and  relative  of  the  growth  hormone 
receptor.  Both  the  growth  hormone  receptor  and  the  PRLr  are 
predimerized;  following  ligand  binding,  it  has  been  reported  that 
the  growth  hormone  receptor  and  PRLr  may  undergo  conforma¬ 
tional  change  (20,  21),  enabling  the  rapid  activation  of  the  Janus- 
activated  kinase  2  (Jak2)  tyrosine  kinase,  which  results  in  PRLr/ 
growth  hormone  receptor  phosphorylation  and  the  activation  of 
several  signaling  cascades  including  the  Jak2/signal  transducer  and 
activator  of  transcription-5  (Stat5),  Ras/mitogen-activated  protein 
kinase,  and  Nek3/Vav2/Racl  pathways  (17,  22).  The  triggering  of 
these  signaling  pathways  summates  in  the  activation  of  multiple 
gene  loci,  including  cyclin  D1  (23)  and  the  cytokine  inducible  SH2- 
containing  protein  (CISH;  ref.  24).  Like  other  cytokine  receptors 
that  associate  with  Jak2,  the  activation  of  many  of  these 
downstream  signaling  pathways  is  dependent  on  the  initial 
activation  of  Jak2.  However,  the  molecular  mechanism  following 
ligand  binding  that  triggers  a  conformational  change  in  the  Jak2- 
receptor  complex  enabling  Jak2  activation  has  remained  elusive. 
Given  the  important  role  that  the  PRLr,  growth  hormone  receptor, 
and  other  cytokine  receptors  play  in  normal  and  pathologic 
physiology  an  understanding  of  this  phenomenon  is  highly 
relevant. 

Our  laboratory  has  previously  reported  on  a  role  for  cyclophilin 
family  members  in  the  regulation  of  the  PRLr-mediated  signaling. 
Triggered  by  PRL,  cyclophilin  B  potentiated  Stat5  function  by 
inducing  the  release  of  the  Stat  repressor,  PIAS3  (12,  25).  Here,  we 
report  that  the  PPI  activity  of  CypA  contributes  to  the  proximal 
activation  of  Jak2  and  other  PRLr-associated  signaling  pathways 
following  binding  of  ligand  to  the  PRLr  as  a  receptor-associated 
conformational  switch.  Finally,  our  findings  reveal  that  ablation  of 
CypA  activity  by  several  approaches,  including  the  use  of  the  Food 
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and  Drug  Administration-approved  drug  CsA,  inhibits  the  in  vitro 
and  in  vivo  outgrowth  of  human  breast  cancer. 

Materials  and  Methods 

Cell  culture  and  reagents.  The  human  breast  cancer  cell  lines  T47D, 
MCF7,  and  MDA-231  were  maintained  in  recommended  conditions  (26). 
The  mouse  pre-adipocyte  cell  line  3T3F442A,  kindly  provided  by  Dr.  Stuart  J. 
Frank  (Department  of  Medicine,  University  of  Alabama,  Birmingham,  AL), 
was  maintained  in  DMEM  supplemented  with  10%  calf  serum.  CsA 
(Gengraf)  was  purchased  from  Abbott  Laboratories.  Recombinant  human 
PRL  was  obtained  from  Dr.  Michael  Hodsdon  (Department  of  Pathology, 
Yale  University,  New  Haven,  CT),  and  recombinant  human  growth  hormone 
was  from  Dr.  Stuart  J.  Frank.  CyQuant  (Invitrogen)  and  QuickChange 
(Stratagene)  were  used  as  directed.  Antibodies  used  in  these  studies  were 
obtained  from  Santa  Cruz  (cyclophilin  A  and  CISH),  Invitrogen  (Stat5a, 
pStat5a,  glyceraldehyde-3-phosphate  dehydrogenase,  V5,  cyclin  Dl,  and 
PRLr-ECD),  and  Cell  Signaling  [Jak2,  pjak2,  extracellular  signal-regulated 
kinase  (Erk)-l/2,  pErkl/2,  Akt,  and  pAkt]. 


Immunoblotting  and  immunoprecipitation.  Immunoblotting  and 
immunoprecipitation  were  done  as  previously  described  (26).  Target 
proteins  were  visualized  by  enhanced  chemiluminescence  (GE  Healthcare), 
and  images  were  captured  using  Fujifilm  LAS-3000  system.  The  band 
intensities  were  quantified  by  densitometry  using  ImageQuant  and 
normalized  to  those  of  their  respective  control  bands.  Data  were  expressed 
as  fold  changes  compared  with  an  appropriate  control. 

Plasmids,  transfection,  and  retrovirus  production.  The  PRLr,  CypA 
constructs,  Stat5-responsive  luteinizing  hormone  response  element  (LHRE), 
and  CISH  reporters  were  previously  described  (26,  27).  A  set  of  COOH- 
terminal  deletion  constructs  of  the  PRLr  were  assembled  into  the  pTracer 
vector.  A  V5-tag  was  fused  to  the  3 '  end  of  all  deleted  constructs.  All  point 
mutations  were  generated  using  the  QuickChange  kit.  The  pSilencer  5.1 
carrying  a  DNA  insert  encoding  a  CypA  siRNA  or  a  scrambled  control  siRNA 
was  purchased  from  Ambion. 

The  PRL-induced,  luciferase-linked  gene  reporters  used  here  contained 
either  a  synthetic  LHRE  reporter  or  the  endogenous  promoters  from  the 
CISH  gene.  For  luciferase  assay,  cells  were  transiently  transfected  with  the 
LHRE  and  CISH  reporters,  in  addition  to  either  the  empty  vector  (control) 
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Figure  1.  Modulation  of  CypA  levels 
regulates  PRL-induced  gene  reporter  and 
endogenous  gene  expression.  A,  CypA 
overexpression  enhances  PRL-induced 
gene  expression  from  luciferase  reporters. 
T47D  cells  were  cotransfected  with 
LHRE  or  CISH  reporters  with  increasing 
amount  of  CypA  overexpression  construct 
as  indicated.  Cells  were  treated  with 
PRL  (100  ng/mL)  in  defined  medium  for 
24  h.  Columns,  mean  of  at  least  two 
independent  experiments;  bars,  SE. 

*,  P  <  0.05  (f  test).  B,  CypA 
overexpression  enhances  PRL-induced 
endogenous  gene  expression  of  CISH 
and  cyclin  Dl  proteins  in  T47D  cells. 

The  expression  of  transfected  CypA  was 
verified  by  Western  blot  analysis  of  total 
cell  lysates  with  an  anti-V5  antibody. 

C,  siRNA-mediated  knockdown  of  CypA 
results  in  reduced  PRL-induced  reporter 
gene  expression.  T47D  cells  were 
transfected  with  CypA  siRNA  or  scrambled 
control  siRNA  and  the  indicated  luciferase 
reporters.  Following  24-h  stimulation 
with  PRL  (100  ng/mL),  transfectants 
were  lysed  and  assayed  for  luciferase 
activity.  Knockdown  of  CypA  by  siRNA 
was  confirmed  by  Western  blot  analysis 
(top  right).  Columns,  mean  of  at  least 
two  independent  experiments;  bars,  SE. 

*,  P  <  0.05  (f  test).  D,  stable  depletion 
of  CypA  represses  endogenous  CISH 
gene  expression  in  T47D  cells.  Stable 
transfectants  of  T47D  cells  expressing 
either  scrambled  siRNA  or  CypA  siRNA 
were  stimulated  with  PRL  (100  ng/mL) 
for  24  h.  Suppression  of  endogenous, 
PRL-induced  CISH  expression  by  CypA 
knockdown  was  detected  by  Western  blot 
analysis. 
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Figure  2.  Ablation  of  CypA  activity  by  CsA  suppresses  the  PRLr-associated  signaling,  reduces  PRL-induced  gene  expression,  and  inhibits  the  association  of  CypA 
with  the  PRLr  and  Jak2.  A,  CsA  inhibits  PRLr  signaling.  T47D  cells  in  defined  medium  were  pretreated  with  CsA  for  4  to  6  h.  Cells  were  stimulated  with  PRL  (1 00  ng/mL) 
at  the  indicated  times.  Blots  were  probed  with  the  indicated  antibodies.  TCL,  total  cell  lysates;  IP,  immunoprecipitation.  B,  CsA  treatment  of  T47D  cells  results  in 
reduced  PRL-induced  gene  expression.  T47D  cells  treated  without  or  with  CsA  for  6  or  24  h  were  assessed  for  CISH  and  cyclin  D1  protein  expression  by  Western  blot 
analyses.  C,  CsA  inhibits  the  association  of  CypA  with  the  PRLr  and  Jak2.  T47D  cells  in  defined  medium  were  treated  as  described  above.  Cell  lysates  were 
immunoprecipitated  with  anti-PRLr-ECD  or  anti-Jak2  antibody  and  immunoblotted  with  anti-CypA  antibody.  Representative  of  three  independent  experiments. 


or  the  indicated  plasmid.  Cells  were  arrested  for  24  h  posttransfection 
and  then  unstimulated  or  treated  with  the  indicated  amount  of  PRL. 
Twenty-four  hours  after  PRL  stimulation,  cells  were  lysed  and  extracts  were 
assayed  using  Victor3  Multilabel  Counter  (Perkin-Elmer). 

The  association  of  PRLr  P334A  or  PRLr  deletion  mutants  with  wild-type 
CypA,  the  association  of  Cyp-PPI  mutants  with  wild-type  PRLr,  and  the 
Stat5  activation  by  P334A  mutant  were  determined  in  293FT  cells 
transfected  with  the  indicated  plasmids.  The  effects  of  wild-type  CypA, 
Cyp-PPI,  and  PRLr  P334A  overexpression  on  endogenous  gene  expression 
were  assessed  in  T47D  cells  transfected  with  the  increased  amounts  of 
plasmids  as  indicated.  In  all  transfection  experiments,  the  total  amount  of 
transfected  plasmid  was  equalized  with  empty  vector. 

For  production  of  recombinant  retroviruses,  PT67  cells  were  transfected 
with  pSilencer  5.1  Retro-CypA  siRNA  or  pSilencer  5.1  Retro-scrambled 
siRNA,  and  viruses  were  harvested  48  h  posttransfection.  To  generate  stable 
knockdown  cells,  T47D  cells  were  infected  with  the  retroviral  supernatants, 
and  stable  colonies  were  selected  with  2  pg/mL  puromycin. 

Cell  growth  assay.  Cells  were  plated  the  day  before  CsA  treatment  in 
24-well  plates  at  1  x  104  per  well.  Cells  were  incubated  in  complete  medium 
with  various  concentrations  of  CsA  as  indicated  for  an  additional  6  d,  and 
viable  cells  were  counted  with  a  hemocytometer  every  other  day  by  the 
trypan  blue  exclusion  method. 

Soft  agar  colony  formation  assay.  Cells  (5  x  ft)3)  were  seeded  in  1  mL 
of  0.3%  agar  in  complete  medium  in  the  presence  of  various  doses  of  CsA 
over  a  1-mL  base  layer  of  0.6%  agar  in  complete  medium  in  six-well  plates. 
Growth  medium  containing  various  doses  of  CsA  was  added  and  replaced 
every  2  or  3  d.  Cells  were  incubated  at  37  °C  for  3  to  4  wk.  Colonies  were 
photographed  with  a  phase-contrast  microscope.  Colonies  (>50  pm)  were 
counted  with  Image  J  software. 

Cell  motility  and  invasion  assay.  For  cell  invasion  assay,  cells  were 
placed  in  a  Matrigel-coated  transwell  chamber  with  8-pm-pore  positron 
emission  tomography  membranes  in  the  presence  of  various  doses  of  CsA 
and  were  allowed  to  migrate  toward  3%  fetal  bovine  serum  for  24  h.  The 
number  of  cells  invading  to  the  lower  surface  of  the  membrane  was 
quantified  by  CyQuant  (Invitrogen).  Cell  motility  was  assessed  by  two 
distinct  assays.  Transwell  migration  assays  were  carried  out  as  described 
above  for  Matrigel  invasion  assays  except  that  the  chambers  were  not 
coated  with  Matrigel  (26).  For  wound  healing  assay,  the  confluent  cell 
monolayer  was  wounded  with  a  p200  pipette  tip  and  cultured  in  serum-free 
medium  in  the  presence  of  various  doses  of  CsA.  Representative  images  of  a 
wound  closure  assay  were  acquired  with  a  phase-contrast  microscope  at  the 
indicated  times.  The  wound  areas  were  measured  using  Image  J  and  the 
percentage  of  the  wound  closed  was  calculated. 


Xenograft  model.  MCF7  or  MDA231  cells  (lx  106)  were  suspended  in 
Matrigel  and  injected  into  the  teat  of  the  fourth  abdominal  mammary  gland 
of  nude  ( nu/nu )  mice  as  described  (28).  In  brief,  following  injection,  animals 
were  randomized  and  treated  with  control  carrier  (apple  juice)  or  CsA 
(100  mg/kg/d,  standard  dose;  doses  from  5  to  300  mg/kg/d  were  also 
examined)  3  d  postinjection  for  12  wk  by  twice-daily  gavage.  The  standard 
dose  of  CsA  given  the  mice  exceeded  that  received  by  human  patients 
(human  dose  range,  0.2-10  mg/kg/d)  given  the  rapidity  at  which  CsA  is 
excreted  by  the  murine  kidney.  At  no  point  in  these  experiments  did  mice 
receiving  the  standard  dose  (or  less)  show  any  signs  of  neurologic  toxicity 
or  weight  loss.  Tumor  growth  was  measured  by  weekly  caliper  measure¬ 
ment.  Mice  xenografted  with  MCF7  cells  received  a  subcutaneous  estrogen 
pellet  (Innovative  Research)  implant  before  injection  to  ensure  the  growth 
of  this  estrogen  receptor  (ER)-positive  cell  line.  All  animal  experiments 
were  conducted  in  accordance  with  a  protocol  approved  by  Northwestern 
University  Institutional  Animal  Care  and  Use  Committee.  After  12  wk,  the 
mice  were  euthanized  by  C02  followed  by  cervical  dislocation,  and  the 
entire  primary  mammary  tumors  were  removed  and  weighed.  In  addition, 
all  visceral  organs,  brain,  and  superficial  lymph  nodes  were  harvested  for 
microscopic  examination  for  metastasis.  One  half  of  each  tumor  was 
immediately  frozen  in  liquid  nitrogen  and  then  stored  at  —  80  °C.  The 
remaining  tumor  and  other  organs  (lung,  lymph  node,  liver,  etc.)  removed 
from  sacrificed  animals  were  fixed  in  10%  formalin  for  subsequent  H&E 
staining  or  immunohistochemistry,  which  was  done  by  the  Northwestern 
University  Pathology  Core  Facility.  The  necrotic  area  of  primary  tumor  was 
quantified  by  morphometric  determination  of  the  proportion  of  total  tumor 
area  that  was  necrotic  in  H&E-staining  section  as  described  above.  Organ 
metastasis  was  detected  by  gross  and  histologic  examination  of  H&E- 
staining  section  of  organ  tissues  from  the  control  mice  and  CsA-treated 
mice.  The  number  of  tumor  nuclei  labeling  positive  for  cyclin  D1  was 
quantified  in  four  preassigned  high-power  fields  per  tumor  by  microscopic 
examination  of  anti-cyclin  D1  immunohistochemistry  of  primary  tumor 
tissues  from  mice  treated  with  CsA  or  control  vehicle. 

Statistical  analysis.  Data  were  reported  as  the  means  ±  SE  and 
analyzed  using  the  appropriated  statistical  methods  as  indicated.  P  <  0.05 
was  considered  significant. 

Results 

PRL-induced  gene  expression  is  modulated  by  CypA  levels 
and  CsA  treatment.  To  test  whether  CypA  could  serve  as  a 
molecular  toggle  for  the  PRLr,  the  effects  of  manipulating  CypA 
levels  and  activity  on  both  PRL-responsive  gene  reporters  and 
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endogenous  genes  were  examined  in  breast  cancer  cells  (Fig.  1). 
When  overexpressed  in  T47D  transfectants,  CypA  dose-dependent- 
ly  enhanced  the  PRL-induced  expression  from  the  Stat5-responsive 
LHRE  and  CISH  luciferase  reporters.  These  findings  were  paralleled 
by  corresponding  increases  in  the  endogenous  expression  of  CISH 
and  cyclin  D1  protein  (Fig.  L4  and  B).  Conversely,  the  suppression 
of  endogenous  CypA  using  a  siRNA-mediated  approach  resulted  in 
a  decrease  of  PRL-induced  gene  expression  as  measured  by  LHRE 
and  CISH  luciferase  reporters  and  endogenous  CISH  protein  in 
T47D  cells  (Fig.  1C  and  D).  Taken  together,  these  findings  show 
that  alterations  in  CypA  levels  directly  correlate  with  PRL-induced 
gene  expression. 

To  examine  whether  the  inhibitory  effects  of  CypA  knockdown 
were  related  to  a  reduction  in  the  PPIase  activity  within  the  cell, 
T47D  cells  were  treated  with  the  PPI  inhibitor  CsA,  followed  by  an 
analysis  of  PRL-induced  signaling  and  gene  expression  evaluated 
(Fig.  2).  As  noted  with  the  siRNA-mediated  reduction  of  CypA,  CsA 
treatment  of  T47D  cells  suppressed  both  basal  and  PRL-induced 
expression  of  endogenous  CISH  and  cyclin  D1  (Fig.  2 B).  To  further 
delineate  a  mechanism  for  the  reduction  in  PRL-induced  gene 
expression  mediated  by  CsA  treatment,  analysis  of  PRL-induced 
signaling  was  done.  These  studies  (Fig.  2 A)  revealed  a  marked 
inhibition  of  PRL-stimulated  phosphorylation  of  Jak2,  Stat5,  Erkl/2, 
and  Akt.  PRL-induced  activation  of  these  signaling  molecules  was 
also  significantly  inhibited  at  lower  doses  (i.e.,  1  pg/mL;  data  not 


shown).  Because  many  of  the  functions  of  the  PRLr  require  and  are 
initially  triggered  by  Jak2  (29,  30),  these  findings  would  suggest  that 
PPI  activity  contributes  to  proximal  PRLr  signaling. 

To  confirm  this  hypothesis,  several  follow-up  and  control 
experiments  were  done.  If  CsA  was  inhibiting  the  action  of  CypA 
at  the  PRLr,  then  one  could  anticipate  that  CsA  treatment  could 
interfere  with  CypA-PRLr  interaction.  Indeed,  this  effect  was  noted 
(Fig.  2C),  as  minimal  CypA  could  be  detected  in  the  anti-PRLr  or 
anti-Jak2  immunoprecipitates  from  CsA-treated  T47D  cells.  In 
contrast,  CsA  had  no  effect  on  the  PRLr-Jak2  interaction 
(Supplementary  Fig.  SI).  The  effects  of  CsA  on  receptor-mediated 
signaling  were  specific,  as  parallel  experiments  examining  the 
activation  of  Erkl/2  and  Akt  CsA-treated  T47D  cells  showed  no 
significant  diminution  of  insulin-  or  epidermal  growth  factor- 
triggered  signaling  (Supplementary  Fig.  S2).  In  addition,  CsA  had 
no  effect  on  PRL  binding  to  the  PRLr  (Supplementary  Fig.  S3). 
Thus,  taken  as  a  whole,  these  data  support  the  notion  that  PPI 
activity,  such  as  that  found  in  CypA,  significantly  contributes 
to  PRLr-induced  signal  transduction  and  gene  expression.  Inter¬ 
estingly,  CsA  also  inhibits  growth  hormone-induced  Akt  and 
Erk  signaling  (Supplementary  Fig.  S2).  Given  that  the  growth 
hormone  and  PRL  receptors  are  highly  related  members  of  the 
cytokine  receptor  superfamily  that  use  similar  signaling  pathways, 
this  observation  is  not  surprising  and  is  an  area  of  ongoing 
research. 
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Figure  3.  Overexpression  of  PPI-defective  mutant  of  CypA  is  unable  to  associate  with  the  PRLr  and  potentiate  PRL-induced  gene  expression.  A.  generation  of  a 
PPI-defective  CypA  mutant  (Cyp-PPI).  Two  residues  (Arg55  and  Phe60)  were  mutated  to  Ala  using  site-directed  mutagenesis.  B,  Cyp-PPI  is  unable  to  bind  to  the  PRLr. 
Wild-type  ( WT )  CypA,  its  mutant  (Cyp-PPI),  or  empty  vector  control  (Ctrl)  was  coexpressed  with  the  PRLr  in  293FT  transfectants  and  immunoprecipitated  by  using 
an  antibody  against  PRLr-ECD.  Cell  lysates  and  immunoprecipitates  were  probed  in  immunoblots  with  the  indicated  antibodies.  C,  Cyp-PPI  fails  to  potentiate 
PRL-induced  gene  expression.  T47D  cells  were  cotransfected  with  LHRE  or  CISH  luciferase  reporter  and  wild-type  CypA,  Cyp-PPI,  or  empty  vector  expression 
construct.  Following  24-h  stimulation  with  PRL  (100  ng/mL),  transfectants  were  lysed  and  assayed  for  luciferase  activity.  Columns,  mean  of  two  independent 
experiments;  bars,  SE.  *,  P  <  0.05  (t  test).  Western  blot  analysis  (top)  of  total  cell  lysates  with  an  anti-V5  antibody  was  done  to  verify  the  expression  of 
transfected  CypA.  D,  Cyp-PPI  inhibits  PRL-induced  endogenous  CISH  protein  expression  (left),  and  Cyp-PPI  and  PRLr  P334A  inhibit  Jak2  phosphorylation  (right). 
Left,  suppression  of  endogenous,  PRL-induced  CISH  protein  expression  by  the  overexpression  of  Cyp-PPI  was  detected  by  Western  blot  analysis.  The  cells  were 
treated  with  PRL  (100  ng/mL)  for  24  h.  Right,  immunoprecipitation  and  immunoblots  of  T47D  cells  overexpressing  either  Cyp-PPI  or  PRLr  P334A  (or  empty  vector 
control)  were  done  as  indicated. 
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Figure  4.  Mapping  of  the  CypA-binding 
site  on  the  PRLr  results  in  the  generation 
of  an  interaction-defective  point  mutant 
PRLr  that  functions  as  a  dominant  negative 
receptor.  A,  CypA  binding  requires 
the  PRLr  X-box.  A  set  of  the  PRLr 
COOH-terminal  truncation  mutants  were 
prepared  using  PCR-based  mutagenesis. 
293FT  transfectant  lysates  were 
immunoprecipitated  with  an  anti-CypA 
antibody  and  sequentially  immunoblotted 
with  an  anti-V5  antibody.  B,  left,  analysis 
of  the  PRLr  X-Box  reveals  a  conserved 
proline  residue.  PCR  mutagenesis  was 
used  to  generate  a  receptor  termed  PRLr 
P334A.  Middle,  the  association  of  CypA 
with  the  PRLr  P334A  is  markedly 
decreased.  293  transfectants 
overexpressing  wild-type  PRLr  and 
the  PRLr  P334A  mutants  were 
immunoprecipitated  with  an  anti-CypA 
antibody  and  analyzed  by  immunoblot 
analyses  as  indicated.  Right,  Stat5 
activation  by  PRLr  P334A  is  significantly 
impaired.  Wild-type  PRLr  and  its  PRLr 
P334A  were  coexpressed  with  rabbit 
Stat5a  in  293FT  transfectants.  The  cells 
were  stimulated  with  PRL  (100  ng/mL) 
for  10  min  and  immunoprecipitated  with 
an  antibody  against  Stat5.  Total  cell  lysates 
and  immunoprecipitates  were  probed  with 
the  indicated  antibodies  and  subjected  to 
Western  blot  analyses  as  indicated.  C, 
PRLr  P334A  inhibits  PRL-induced  gene 
expression  in  T47D  cells  in  a  dominant 
negative  manner.  Top,  T47D  cells  were 
transfected  with  LHRE  or  CISH  luciferase 
reporters  and  a  PRLr  P334A  expression 
construct  (or  empty  vector  control). 
Following  24-h  stimulation  with  PRL 
(100  ng/mL),  transfectants  were  lysed  and 
assayed  for  luciferase  activity.  Columns, 
mean  of  two  independent  experiments; 
bars,  SE.  *,  P  <  0.05  (f  test).  Bottom,  PRLr 
P334A  inhibits  PRL-induced  endogenous 
CISH  protein  expression.  Suppression  of 
endogenous,  PRL-induced  CISH  protein 
levels  by  PRLr  P334A  transfectants  was 
detected  by  Western  blot  analysis. 
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The  PPIase  activity  of  CypA  is  required  for  potentiation  of 
PRL-induced  gene  expression  and  association  of  CypA  with  the 
PRLr.  To  delineate  the  molecular  basis  for  interaction  between  the 
PRLr  and  CypA  and  correlate  this  to  function,  selective  muta¬ 
genesis  was  done.  Many  of  the  interactions  of  cyclophilins  are 
mediated  by  the  PPI  active  site  (31),  and  the  inhibition  of  PRLr- 
CypA  binding  by  CsA  further  suggested  that  the  PPI  pocket  was 
involved  in  this  event.  Point  mutagenesis  to  residues  Arg55  and 
Phe60  of  the  PPI  pocket  of  CypA  (Fig.  3/1 )  resulted  in  a  mutant 
CypA  lacking  99%  of  PPI  activity  found  in  wild-type  CypA  (32). 
Subsequent  analysis  then  queried  whether  this  PPI-defective  form 
of  CypA  was  capable  of  interacting  with  the  PRLr  and  potentiating 
its  signal,  as  observed  with  wild-type  CypA.  When  coexpressed  with 
the  PRLr  in  293FT  cells,  unlike  wild-type  CypA,  Cyp-PPI  interacted 
poorly  with  the  PRLr  (Fig.  3B).  Furthermore,  in  contrast  to  wild- 
type  CypA,  which  potentiated  both  the  PRL-induced  LHRE  and 
CISH  luciferase  reporters  when  overexpressed  in  T47D  cells, 
overexpressed  Cyp-PPI  failed  to  potentiate  PRL-induced  gene 


expression  of  the  LHRE  (Fig.  3C).  Indeed,  Cyp-PPI  overexpression 
significantly  repressed  gene  expression  from  CISH  luciferase 
reporter  (Fig.  3C)  and  blocked  Jak2  phosphorylation  and  the 
endogenous  expression  of  CISH  protein  (Fig.  3D).  These  data  show 
that  the  PPIase  active  site  of  CypA  is  involved  in  the  PRLr-CypA 
interaction  and  that  this  PPIase  activity  is  required  for  the 
potentiation  of  PRL-induced  gene  expression. 

A  conserved  proline  residue  in  the  PRLr  X-box  motif 
contributes  to  CypA  binding  and  is  required  for  PRLr 
transduction.  The  studies  presented  above  reveal  a  proximal 
contribution  of  the  PPI  activity  of  CypA  to  PRLr/Jak2  signaling. 
However,  the  possibility  remained  that  the  action  of  CypA  could  be 
indirect,  acting  at  a  site  other  than  the  PRLr  to  effect  its  poten¬ 
tiation  of  Jak2/Stat5  signaling.  To  address  this  question,  the  binding 
site  of  CypA  on  the  PRLr  was  mapped.  As  an  initial  step,  COOH- 
terminal  PRLr  truncation  mutants  were  generated  and  tested  for 
their  ability  when  expressed  to  interact  with  CypA  (Fig.  4 A).  These 
studies  revealed  that  truncations  of  the  PRLr  membrane  proximal 
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to  the  X-box  motif  were  incapable  of  interacting  with  CypA, 
revealing  a  contribution  of  the  X-box  to  the  engagement  of  CypA. 
Analysis  of  the  X-box  motif  (Fig.  4 B)  revealed  a  proline  at  residue 
334  of  the  PRLr  that  was  highly  conserved  across  species.  Given 
the  affinity  of  cyclophilins  for  proline  residues,  it  was  hypothesized 
that  P334  in  the  X-box  could  contribute  to  the  engagement  of 
CypA.  To  test  this  hypothesis,  a  proline-to-alanine  replacement 
mutation  of  the  PRLr  was  generated  (P334A),  and  the  ability  of  this 
mutant  PRLr  to  interact  with  CypA  and  mediate  PRL-induced 


signaling  was  tested.  These  studies  revealed  that  when  expressed  in 
T47D  cells,  the  mutant  PRLr  P334A  showed  a  significantly  reduced 
association  with  CypA  (Fig.  4 B).  Furthermore,  the  ability  of  the 
P334A  mutant  to  induce  Jak2  and  Stat5  phosphorylation  (in 
comparison  with  wild-type  PRLr  transfected  control)  was  also 
significantly  diminished  (Figs.  3 D  and  4. B).  Overexpression  of  the 
PRLr  P334A  mutant  in  T47D  cells  resulted  in  a  dose-dependent 
reduction  in  the  PRL-induced  expression  of  both  cotransfected 
LHRE  and  CISH  luciferase  reporters  and  endogenous  CISH  protein 
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Figure  5.  CsA  inhibits  anchorage- 
dependent  and  anchorage-independent 
growth  and  motility  and  invasion  of 
breast  cancer  cells  in  vitro.  A,  growth 
inhibition  by  CsA  of  breast  cancer  cells. 
T47D,  MCF7,  and  MDA-231  cells  were 
incubated  with  various  doses  of  CsA,  and 
viable  cells  were  quantified  every  other 
day  by  trypan  blue  exclusion.  Points,  mean 
of  two  independent  experiments;  bars,  SE. 
S,  colony  formation  inhibition  by  CsA. 
Colony  enumeration  used  Image  J 
software.  Columns,  mean  of  two 
independent  experiments;  bars,  SE. 

*,  P  <  0.05  (f  test).  C,  inhibition  of  motility 
by  CsA  as  measured  by  wound  healing 
assay  (left)  and  Boyden  chamber  assay 
(right).  Left,  a  confluent  cell  monolayer  of 
MDA-231  was  wounded  with  a  pipette 
tip  and  cultured  in  serum-free  medium  in 
the  presence  of  various  doses  of  CsA. 
Representative  images  of  a  wound  closure 
assay  were  acquired  with  a  phase-contrast 
microscope  and  the  percentage  of 
the  wound  closed  was  quantified. 
Representative  of  three  independent 
experiments.  *,  P  <  0.05  (two-way 
ANOVA).  Right,  the  number  of  cells 
migrating  through  pores  was  quantified 
by  CyQuant  labeling.  Representative  of 
three  independent  experiments.  *,  P  <  0.05 
(one-way  ANOVA).  D,  inhibition  of  invasion 
by  CsA.  The  number  of  MDA-231  cells 
invading  through  Matrigel-occluded  pores 
was  quantified  by  CyQuant  labeling. 
Representative  of  three  independent 
experiments.  *,  P  <  0.05  (one-way  ANOVA). 
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Figure  6.  CsA  induces  central  primary 
tumor  necrosis  and  the  metastasis  of 
ER+  and  ER  human  breast  cancer 
xenografts,  inhibits  primary  tumor  cyclin  D1 
expression,  and  blocks  CypA-PRLr 
association.  A,  induction  of  primary  tumor 
necrosis  by  CsA.  Mice  xenografted  with 
MCF7  and  MDA231  cells  were  treated 
with  CsA  (100  mg/kg/d;  n  =  18)  or  control 
carrier  (apple  juice;  n  =  18)  for  12  wk  by 
twice-daily  gavage.  Left,  representative 
H&E-stained  sections  (20x;  bar,  50  pm). 
Right,  the  necrotic  area  of  primary  tumor 
(right)  was  quantified  by  determination 
of  the  proportion  of  total  tumor  area 
that  was  necrotic  in  H&E-stained  section 
of  primary  MCF7  tumor  xenograft. 

***,  P  <  0.001  (f  test).  B,  inhibition 
of  metastasis  by  CsA.  Lymph  node 
metastases  were  detected  by  histologic 
examination  of  H&E-stained  section  of 
lymph  nodes  harvested  from  mice  treated 
for  12  wk  with  either  CsA  (100  mg/kg/d; 
n  =  18)  or  control  carrier  (apple  juice; 
n  =  18).  ***,  P  <  0.001  (Fisher’s  exact  test). 
C,  inhibition  of  primary  tumor  cyclin  D1 
expression  (top)  and  CypA-PRLr 
association  ( bottom )  by  CsA.  Top,  the 
number  of  positive  cyclin  D1  nuclei  was 
quantified  by  microscopic  examination 
of  anti-cyclin  D1  immunohistochemical 
labeling  of  primary  tumor  tissue  from 
mice  treated  for  12  wk  with  either  CsA 
(100  mg/kg/d;  n  =  5)  or  control  carrier 
(apple  juice;  n  =  5).  **,  P  <  0.01  (f  test). 
Representative  sections  (bar,  50  pm) 
of  anti-cyclin  D1  immunohistochemical 
labeling  of  primary  MCF7  tumor  xenograft. 
Columns,  mean;  bars,  SE.  Bottom,  CsA 
blocks  the  association  of  CypA  with  the 
PRLr  in  primary  MCF7  tumor  xenograft. 
The  inhibition  of  CypA-PRLr  association 
was  detected  by  coimmunoprecipitation 
analysis. 
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(Fig.  4 C).  These  findings  are  notable  in  that  T47D  cells  are  known 
to  express  high  levels  of  endogenous  PRLr,  indicating  that  the 
P334A  mutant,  most  probably  through  heterodimerization  with  the 
wild-type  PRLr  (33),  functions  as  a  dominant  negative  receptor. 
When  assessed  with  the  data  presented  above,  these  findings 
would  indicate  that  the  direct  action  of  the  CypA  on  the  PRLr 
is  required  for  effective  PRL-induced  signaling,  a  process  that  is 
inhibited  by  the  PRLr  P334A  mutant.  These  findings  were  further 
confirmed  by  control  experiments,  which  showed  that  the  PRLr/ 
Jak2  interaction  was  not  affected  by  the  P334A  mutation  (data 
not  shown). 


CsA  treatment  blocks  multiple  cellular  functions  in  breast 
cancer  cells  in  vitro.  The  data  presented  above  have  revealed 
that  the  function  of  the  PRLr  and  its  associated  downstream 
signaling  are  regulated  by  the  PPIase  activity  of  CypA.  Thus,  given 
the  function  of  cyclophilins,  not  only  at  the  level  of  the  PRLr  but 
at  other  signaling  loci  that  contribute  to  the  pathogenesis  of 
breast  cancer  (i.e.,  such  as  NFAT  ref.  34  and  Stat  5  ref.  12,  25)  as 
well,  it  was  reasoned  that  the  use  of  PPI  inhibitors  such  as  CsA 
might  effectively  inhibit  the  malignant  phenotype  of  breast 
cancer.  To  assess  the  in  vitro  effects  of  CsA  on  the  biology  of 
human  breast  cancer,  analysis  of  the  effects  of  CsA  on  the  cell 
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growth,  soft  agar  colony  formation,  cell  motility,  and  invasion  was 
done.  When  cultured  in  monolayer  in  the  presence  of  CsA,  both 
the  ER+  lines  T47D  and  MCF7  and  the  F.R  line  MDA-231  showed 
a  dose-dependent  inhibition  of  viable  cell  growth  (Fig.  5 A).  At 
concentrations  <10  pg/mL,  this  antiproliferative  effect  was 
reversible  following  washing  and  medium  change;  at  concen¬ 
trations  of  >30  pg/mL,  these  effects  were  not  reversible  and  cell 
death  ensued  (data  not  shown).  To  assess  the  effects  of  CsA  on 
anchorage-independent  growth,  soft  agar  colony  formation  assays 
were  done.  As  shown  in  Fig.  5 B,  CsA  treatment  resulted  in  a 
marked  suppression  of  the  anchorage-independent  growth  of 
human  breast  cancer  cells  in  a  dose-dependent  manner.  When 
introduced  into  either  cell  migration  or  invasion  assays  using  the 
highly  metastatic  F.R  MDA-231,  CsA  dose-dependently  inhibited 
both  cell  motility  [as  assessed  by  wound  healing  assay  (Fig.  5C, 
left-.  Supplementary  Fig.  S4)  or  Boyden  chamber  assay  (Fig.  5C, 
right)]  and  cell  invasion  through  Matrigel  (Fig.  5 D).  Taken 
together,  these  findings  indicate  that  CsA  inhibited  many  of  the 
malignant  properties  of  breast  cancer  cells  in  vitro,  suggesting 
a  potential  in  vivo  role  for  PPI  inhibition  in  the  treatment  of 
breast  cancer. 

Inhibition  of  PPI  activity  in  vivo  by  CsA  induces  primary 
tumor  necrosis  and  blocks  metastasis  of  breast  cancer 
xenografts.  Given  the  in  vitro  effects  of  CsA  on  breast  cancer 
cell  biology,  it  was  hypothesized  that  CsA  could  inhibit  the  in  vivo 
outgrowth  of  human  breast  cancer.  To  test  this  hypothesis,  both 
the  ER+  MCF7  and  the  F.R  MDA-231  human  breast  cancer  lines 
were  xenografted  into  nude  mice,  using  a  novel  approach  that 
dramatically  facilitates  the  metastatic  spread  of  breast  cancer 
xenografts  (28),  and  subsequently  randomized  into  CsA  therapy  or 
control  groups  3  days  postinjection.  Whereas  all  CsA-treated 
tumors  showed  a  trend  toward  a  decrease  in  size  and  weight  over 
time,  these  parameters  did  not  achieve  statistical  significance  (data 
not  shown).  However,  two  parameters  were  found  to  be  signi¬ 
ficantly  changed  as  a  function  of  CsA  therapy,  notably  central 
tumor  necrosis  and  metastasis.  As  seen  in  Fig.  6 A,  central  tumor 
necrosis  of  both  ER+  and  F.R  was  significantly  increased,  with  a 
somewhat  more  pronounced  effect  in  ER+  MCF7  tumors.  Most 
interestingly,  not  a  single  metastasis  to  lymph  nodes  or  organs  was 
noted  in  CsA-treated  mice  (Fig.  6 B)  from  either  ER+  or  F.R  xeno¬ 
grafts.  Indeed,  in  this  entire  line  of  experimentation  with  94 
mice  receiving  varied  doses  of  CsA  (some  as  low  as  10  mg/kg/d), 
not  a  single  CsA-treated  mouse  xenografted  with  either  MCF7  or 
MDA-231  cells  was  noted  to  have  a  metastasis,  whereas  between 
30%  and  50%  of  the  control  mice  showed  metastasis.  To  address 
whether  the  in  vivo  use  of  CsA  resulted  in  inhibition  of  Stat5- 
driven  gene  expression,  immunohistochemistry  of  the  primary 
tumors  with  an  anti-cyclin  D 1  antibody  was  done  and  the  number 
of  labeled  nuclei  was  quantified.  As  shown  in  Fig.  6C  ( top ),  cyclin 
D1  gene  expression  in  both  ER+  and  F.R  primary  tumors  from 
CsA-treated  mice  was  significantly  inhibited  when  compared  with 
tumors  from  control  mice.  To  further  support  the  in  vitro 
observation  that  the  association  of  CypA  with  the  PRLr  was 
blocked  by  CsA,  the  in  vivo  status  of  PRLr-CypA  binding  in  CsA- 
treated  tumor  tissues  was  also  examined.  As  shown  in  Fig.  6C 
(bottom),  the  CypA-PRLr  association  in  CsA-treated  tumor  tissues 
compared  with  control  vehicle-treated  tumor  tissues  was 
inhibited.  Thus,  the  in  vivo  actions  of  CsA,  while  reducing  cyclin 
D1  expression  and  blocking  CypA-PRLr  association,  also  promoted 
central  tumor  necrosis  and  inhibited  metastasis  of  breast  cancer 
xenografts,  irrespective  of  ER  status. 


Discussion 

The  proximate  mechanisms  that  enable  receptor-mediated 
signal  transduction  following  ligand  binding  remain  poorly 
characterized.  Following  ligand  binding  to  the  type  I  cytokine 
receptors,  such  as  the  PRLr  and  growth  hormone  receptor, 
members  of  the  Jak  family  of  tyrosine  kinases  are  activated  within 
30  to  60  seconds  by  an  autophosphorylation-based  mechanism 

(35) .  Recent  analysis  of  the  growth  hormone  receptor  using 
mutagenesis  and  fluorescence  resonance  energy  transfer 
approaches  has  suggested  that  a  conformational  change  may 
occur  within  the  receptor  following  ligand  binding  approximating 
the  growth  hormone  receptor-associated  Jak2  kinases,  thereby 
enabling  their  autophosphorylation  and  activation  (20).  Nuclear 
magnetic  resonance  spectroscopy  of  the  conserved  Box  1  motif  of 
the  PRLr,  a  hydrophobic  and  proline-rich  intracellular  domain 
adjacent  to  the  transmembrane  region  of  this  receptor,  also  has 
suggested  that  a  conformational  change  within  the  PRLr  is  also 
feasible  (21).  However,  a  mechanism  that  would  enable  such  a 
conformational  change  to  occur  within  either  the  growth  hormone 
receptor  or  PRLr  has  not  been  elaborated. 

The  data  presented  here  indicate  that  the  PPI  activity  of  CypA 
significantly  contributes  to  proximate  receptor  activation,  enabling 
transduction  through  the  PRLr/Jak2  complex.  The  PRL-induced 
expression  of  both  Stat5-responsive  reporter  constructs  and 
endogenous  genes  was  directly  correlated  to  CypA  levels  by  both 
overexpression  and  knockdown  approaches.  Loss  of  PPI  activity  in 
CypA  (CypA-PPI)  following  mutagenesis  resulted  in  reduced  PRLr 
binding,  Jak2  phosphorylation,  and  PRL-induced  gene  expression. 
Similarly,  replacement  by  mutation  of  a  conserved  proline  residue 
(PRLr-P334A)  also  resulted  in  reduced  PRLr-CypA  interaction, 
decreased  Jak2  and  Stat5  phosphorylation,  and  decreased  Stat5- 
responsive  reporter  and  endogenous  gene  expression.  Indeed,  when 
transfected  into  the  T47D  breast  cancer  line,  which  expresses  high 
levels  of  PRLr,  the  PRLr-P334A  functioned  in  a  dominant  negative 
manner.  Taken  together,  these  results  would  argue  that  the 
potentiation  of  PRLr-induced  signaling  by  CypA  is  a  consequence 
of  the  direct  actions  of  the  PPI  of  CypA  on  the  PRLr/Jak2  complex, 
and  not  an  epiphenomenon  of  CypA  function  at  another  site. 

As  a  member  of  the  cytokine  receptor  superfamily,  the 
membrane-proximal  portion  of  the  intracellular  domain  of  the 
PRLr  contains  the  conserved  Box  1/Variable  Box/Box  2/X-box 
motifs.  Whereas  the  functions  of  the  Variable  Box,  Box  2,  and  X-Box 
are  largely  uncharacterized,  the  proline-rich  Box  1  motif  has  been 
implicated  in  the  binding  and  ligand-induced  activation  of  Jak2. 
Deletion  of  this  motif  from  the  PRLr  or  nonconservative 
replacement  of  its  COOH-terminal  proline  residue  with  leucine 
results  in  a  loss  of  Jak2  binding  via  its  NH2-terminal  PERM  domain 

(36)  and  downstream  PRL-induced  gene  expression  (37).  However, 
although  necessary  for  Jak2  engagement,  the  Box  1  motif  alone  is 
not  sufficient  for  lactogenic  signaling  (33,  37),  clearly  indicating 
that  other  determinants  in  the  PRLr  contribute  to  Jak2  activation. 
The  identified  contribution  of  the  proline  residue  at  position  334 
for  both  CypA-PRLr  association  and  PRL-induced  Jak2  activation 
would  indicate  that  the  PPI  activity  of  CypA  at  this  site  or  its 
immediate  environs  (such  as  the  Box  1  motif)  immediately  affects 
Jak2-driven  signaling. 

CsA  has  been  a  widely  used  immunosuppressive  drug  in  organ 
transplantation  and  in  the  treatment  of  autoimmune  diseases 
(38,  39).  As  an  immunosuppressant,  CsA  has  been  classically 
thought  to  form  a  complex  with  cyclophilin  that  binds  with  high 
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affinity  to  the  phosphatase  calcineurin.  As  a  consequence  of 
this  event,  interleukin-2  transcription  is  inhibited  by  a  loss  of 
calcineurin-mediated  dephosphorylation  of  the  transcription  factor 
NFAT  activation,  resulting  in  a  loss  of  clonal  T-cell  proliferation 
following  antigen  stimulation  (40).  However,  our  data  would 
indicate  that,  at  least  in  human  breast  cancer  cells,  CsA  also 
targets  the  proximal  Jak2  kinase,  presumably  through  its  inhibition 
of  the  PPI  activity  of  CypA.  The  loss  of  Jak2  activity  readily  explains 
the  loss  of  PRL-induced  activation  of  downstream  signaling  factors 
such  as  Stat5,  Akt,  and  Erk,  and  the  concomitant  loss  of  PRL- 
induced,  Stat5-mediated  gene  expression  and  the  inhibition  of 
outgrowth  of  CsA-treated  breast  cancer  cells.  Was  the  inhibition  of 
breast  cancer  cell  outgrowth  secondary  to  the  effects  of  CsA  on 
Stat5  or  NFAT?  In  vitro  evidence  does  exist  showing  that  NFAT 
activity  regulated  by  the  Akt  kinase  stimulates  breast  cancer 
motility  and  invasion  (34,  41).  However,  the  precise  role  of  this 
transcription  factor  in  either  normal  breast  biology  or  breast 
cancer  pathobiology  in  vivo  remains  uncertain.  In  contrast,  in  vivo 
studies  using  conditional  Jal<2  '  knockout  mice,  and  cells  derived 
thereof,  have  revealed  that  Jak2  is  required  for  normal  mammary 
alveogenesis  and  lactation  at  the  tissue  level  and  the  activation  of 
Stat5  and  expression  of  cyclin  D1  at  the  cellular  level  (29,  30). 
Furthermore,  when  transgenic  WAP-T  antigen  mice,  a  genetic 
model  of  mammary  cancer,  were  mated  to  heterozygous  Stat5+' 
mice,  a  significant  reduction  in  mammary  tumor  size,  incidence, 
and  progression  was  noted  (42).  Most  importantly,  our  knock¬ 
down  and  overexpression  studies  presented  here  (using  both  wild- 
type  and  mutant  CypA  and  PRLr)  showed  the  effects  on  signaling 
and  gene  expression  comparable  to  those  observed  following  CsA 
treatment.  These  complementary,  non-CsA-based  approaches, 
which  should  not  result  in  the  chelation  of  calcineurin  or  the 
inhibition  of  other  cyclophilin  family  members,  would  argue  the 
importance  of  the  Jak2/Stat5  axis  in  breast  cancer  pathobiology 
and  suggest  that  the  inhibition  of  this  pathway  by  CsA  may,  in  part, 
explain  the  actions  of  this  drug  both  in  vitro  and  in  vivo.  However, 
it  is  important  to  note  that  the  inhibitory  effects  of  CsA  may  be 
unique  to  breast  malignancies,  as  CsA  is  recognized  to  increase  or 
enhance  the  incidence  and  progression  of  epidermal,  lymphoid, 
and  gastrointestinal  malignancies  in  the  laboratory  and  the  clinic 
(43-45). 

Our  in  vitro  studies  showed  that  CsA  markedly  inhibited  the 
growth,  motility,  and  invasion  of  both  ER+  and  F,R  human  breast 
cancer  cells  in  a  dose-dependent  manner.  Interestingly,  in  vivo  CsA 
therapy  did  not  have  a  statistically  significant  effect  on  overall 
tumor  size  (although  CsA-treated  tumors  did  trend  toward  being 
smaller).  However,  a  statistically  significant  increase  in  central 
primary  tumor  necrosis  and  a  complete  absence  of  metastasis  were 
noted  in  CsA-treated  mice  xenografted  with  either  ER+  or  ER 
breast  cancer  cells.  Significantly,  as  noted  in  vitro,  CsA-treated 


xenografts  showed  a  significant  reduction  in  the  expression  of  the 
Stat5-responsive  cyclin  Dl.  There  are  many  potential  mechanisms 
through  which  these  CsA-mediated  effects  on  xenograft  progres¬ 
sion  may  have  been  mediated.  In  this  context,  it  is  interesting  to 
note  that  the  inhibition  of  cyclin  Dl  expression  is  angiostatic  (46). 
In  addition,  epidemiologic  studies  have  implicated  a  role  for  PRL  in 
the  metastatic  progression  of  human  breast  cancer  (47,  48).  It  is 
tempting  to  speculate,  therefore,  that  some  of  the  progression- 
inhibitory  effects  of  CsA  may  result  from  its  blockade  of  the  PRL/ 
Jak2/Stat5  pathway,  the  activity  of  which  has  been  implicated  in  the 
proliferation,  survival,  motility,  and  invasion  of  human  breast 
cancer  (17).  It  is  also  important  to  note  that  the  significant 
reduction  in  breast  cancer  observed  in  female  patients  undergoing 
CsA  therapy  following  allograft  transplant  (16)  was  at  that  time 
interpreted  to  be  secondary  to  the  immunosuppressive  effects  of 
CsA.  Our  in  vitro  and  in  vivo  data  in  models  lacking  functional 
immune  systems,  however,  would  argue  that  some,  if  not  many,  of 
the  effects  of  CsA  are  due  to  its  direct  action  on  breast  cancer  cells, 
and  not  due  to  its  secondary  immunosuppressive  actions. 

In  many  tumor  types,  including  breast  cancer,  CsA  has  been 
found  to  bind  to  and  inhibit  the  efflux  functions  of  multidrug 
resistance  proteins  including  P-glycoprotein,  breast  cancer  resis¬ 
tance  protein,  and  multidrug  resistance  protein  (49,  50).  First 
documented  in  Chinese  hamster  ovary  cells  (51)  and  extended  into 
human  leukemias  (52),  these  studies  have  served  as  the  basis  for 
the  first  phase  II  clinical  trials  with  cyclosporine  in  patients  with 
advanced  breast  cancer.  In  theory,  by  reducing  drug  efflux,  thereby 
enhancing  the  efficacy  of  chemotherapy,  the  combination  of  Paxil 
and  CsA  was  found  to  be  safe  and  effective  in  patients  with 
advanced  disease  (53)  when  administered  simultaneously  on  a 
once-weekly  basis.  Our  findings,  however,  would  argue  that 
although  CsA  may  also  function  as  a  drug  efflux  inhibitor,  this 
PPI  inhibitor  has  direct  actions  on  breast  cancer  signaling  that 
should  be  exploited  in  patients  with  this  disease,  by  establishing 
continuous  serum  levels  of  CsA  that  would  inhibit  Jak2/Stat5 
transduction.  Indeed,  as  alternative  PPI-inhibitors  continue  to  be 
developed,  novel  and  more  specific  pharmacotherapies  against 
breast  cancer  should  be  expected. 
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28  ABSTRACT 

29  Prolactin  (PRL)  contributes  to  the  growth  of  normal  and  malignant  breast  tissues. 

30  These  actions  are  initiated  by  the  engagement  of  PRL  by  its  receptor,  the  PRLr,  a 

31  transmembrane  receptor  belonging  to  the  cytokine  receptor  family.  The  mechanisms  of 

32  how  the  PRL:PRLr  interaction  triggers  the  activation  of  downstream  signaling  networks 

33  however  has  remained  enigmatic.  This  review  examines  the  physical  status  of  the  PRLr 

34  before  and  after  ligand  binding  and  the  mechanisms  through  which  PRL  binding  may 

35  initiate  receptor-associated  signaling.  Evidence  for  PRLr  pre-dimerization  in  the 

36  absence  of  ligand  will  be  overviewed,  and  the  actions  of  the  prolyl  isomerase  cyclophilin 

37  A  in  the  ligand-induced  activation  of  the  PRLr-associated  Jak2  kinase  discussed.  The 

38  therapeutic  translation  of  these  observations  is  considered. 

39 

40 
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41  Introduction 

42  The  purpose  of  this  review  is  to  provide  a  background  as  to  the  relevance  of  the 

43  prolactin  receptor  (PRLr)  in  normal  and  malignant  breast  biology;  it  will  then  examine 

44  the  novel  proximal  mechanisms  that  have  emerged  through  which  ligand  binding  to  the 

45  pre-dimerized  PRLr  results  in  signaling  regulated  by  the  actions  of  prolyl  isomerases. 

46 

47  Role  of  PRL  in  the  normal  and  malignant  breast 

48  Prolactin  (PRL)  was  originally  identified  as  a  neuroendocrine  hormone  of  pituitary  origin. 

49  While  the  pleiotropic  actions  of  PRL  are  legend,  its  regulation  of  the  growth  and 

50  differentiation  of  mammary  tissues  is  most  recognized  and  best  understood  [3],  These 

51  effects  are  mediated  by  the  interaction  of  PRL  with  the  prolactin  receptor  (PRLr),  a 

52  member  of  the  cytokine  receptor  superfamily  [5],  Synthesis  of  PRL  is  not  limited  to  the 

53  hypophysis,  as  numerous  extra-pituitary  sites  of  PRL  expression  including  the  breast, 

54  decidua,  and  T-lymphocytes  have  been  detected  [7],  With  respect  to  the  mammary 

55  gland,  these  data  have  demonstrated  that  PRL  stimulates  the  proliferation/survival  [10], 

56  motility  [1 1],  and  terminal  maturation  of  normal  mammary  tissues  [13,14],  Several  lines 

57  of  evidence  have  also  indicated  that  PRL  acts  as  both  an  endocrine  and 

58  autocrine/paracrine  progression  factor  for  mammary  carcinoma  in  vitro  and  in  vivo  in 

59  rodents  and  humans  [5],  These  data  include  recent  epidemiologic  studies  that  indicate 

60  that  post-menopausal  women  with  “high-normal”  levels  of  PRL  are  at  increased  risk  for 

61  breast  cancer  [1 5], These  findings  are  bolstered  by  the  observations  that  transgenic 

62  mice  overexpressing  PRL  either  at  the  endocrine  or  autocrine/paracrine  levels,  develop 
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63  both  ER+  and  ER-,  well-differentiated  mammary  carcinomas  within  the  first  12-18 

64  months  of  life  [5,16], 

65 

66  PRLr  structure  and  signaling 

67  The  effects  of  PRL  in  normal  and  malignant  breast  tissues  are  mediated  by  its  cell 

68  surface  receptor,  the  PRLr,  a  member  of  the  cytokine  receptor  superfamily.  The  PRLr 

69  consists  of  an  extracellular  domain  (ECD)  required  for  ligand  binding,  a  transmembrane 

70  domain  (TM),  and  an  intracellular  domain  (ICD)  containing  a  region  of  membrane- 

71  proximal  homology  to  other  cytokine  receptors  (e.g.  the  Boxl  /  Variable  Box  /  Box  2  /  X 

72  Box,  and  its  unique  C-terminal  tail)  [5],  The  hPRLr  exists  as  seven  recognized  isoforms 

73  which  have  different  signaling  properties  [5], 

74 

75  Insert  BOX  1 

76 

77  Ligand  binding  to  the  long  and  presumably  the  AS1  (these  two  PRLr  isoforms 

78  being  the  most  functional  from  a  signaling  perspective)  results  in  the  rapid 

79  phosphorylation  of  the  ICD  domain  of  the  PRLr,  and  the  activation  of  PRLr-associated 

80  signaling  cascades  such  as  the  Jak2/Stat5  [17],  Grb2-Sos-Ras-Raf-MEK-MAPK  [7],  and 

81  Nek3-Vav2-Rac1  [18,19]  pathways.  These  signaling  events  induce  several  PRL- 

82  responsive  genes  such  as  those  involved  in  cell  proliferation  (i.e.  cyclin  D1  and  CISH) 

83  and  in  the  differentiated  mammary  phenotype  (i.e.  (3-casein)  [20,21],  From  garnered 

84  kinetic  and  knockout  data  [22,23],  the  Jak2  tyrosine  kinase  represents  the  most 

85  proximal  kinase  activated  following  ligand  binding  to  the  PRLr.  The  PRLr-Jak2  complex 
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86  requires  the  membrane-proximal  proline-rich  Boxl  motif  within  the  PRLr.  Deletion  of  the 

87  Boxl  motif  or  replacement  of  the  Box  1  ’s  C-terminal  proline  residue  (with  leucine) 

88  abrogates  PRLr  function  [24],  In  addition,  the  tyrosine  residues  present  within  the  C- 

89  terminal  tail  of  the  PRLr  are  necessary  for  the  engagement  of  Stat5  as  a  prerequisite  for 

90  their  phosphorylation  by  Jak2  [25],  Other  structural  domains  within  the  PRLr  including  V 

91  Box,  Box  2,  and  X  Box  are  largely  uncharacterized  and  their  signaling  functions  are  not 

92  currently  known. 

93 

94  Jak2  structure,  signaling,  and  function 

95  Jak2  is  a  member  of  the  larger  Jak2  family  of  tyrosine  kinases  consisting  of  four 

96  members  which  demonstrate  significant  homology,  delineated  as  Jak  homology  (or 

97  “JH”)  domains.  From  the  C-terminus,  this  includes  a  kinase  motif  (JH1 ),  a  regulatory 

98  pseudo-kinase  domain  (JH2),  and  SH2  motif  (JH3)  and  a  FERM  protein  interaction 

99  domain  (JH4-7).  Precedent  studies  with  the  growth  hormone  receptor  (GHr)  have 

100  revealed  that  the  N-terminal  region  of  the  FERM  domain  of  Jak2  is  necessary  for  GHr 

101  interaction  [26],  Following  prolactin  stimulation,  Jak2  is  rapidly  activated  within  30-60 

102  seconds  through  trans-  and/or  auto-phosphorylation  of  two  constitutively-associated 

103  Jak2  molecules,  revealing  an  essential  proximate  role  for  Jak2  in  PRLr-mediated 

104  signaling.  Indeed,  loss  of  Jak2  activity  results  in  an  ablation  of  PRL-induced  Stat5 

105  phosphorylation  and  gene  expression  [20],  The  activity  of  Jak2  is  necessary  for  both  the 

106  in  vitro  [27]  and  in  vivo  [22]  growth  and  differentiation  of  mammary  cells  and  tissues. 

107  Indeed,  the  actions  of  Jak2  are  not  only  necessary  for  both  PRLr  and  GHr  action,  they 

108  may  also  contribute  to  cross-talk  between  these  receptors  and  the  erbB2  in  breast 
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109  tissues  [28],  The  ligand-induced  mechanism  that  triggers  the  trans/auto-phosphorylation 

1 10  of  Jak2,  however,  has  remained  unresolved  for  not  only  the  PRLr,  but  for  all  other 

1 1 1  cytokine  receptors  including  the  GHr,  as  well. 

112 

1 13  Ligand-independent  dimerization  of  the  PRLr 

1 14  The  accepted  view  has  been  that  the  initial  event  in  PRL  signaling  is  the  binding  of  one 

115  PRL  molecule  to  two  cell  surface  PRLr  monomers,  inducing  the  dimerization  and 

1 16  subsequent  activation  of  the  receptors.  This  model  was  based  on  studies  with  the  GHr 

1 17  and  other  homologous  receptors.  Early  studies  determined  the  nature  of  the  in  vitro 

118  interaction  between  the  GHr  extracellular  domain,  referred  to  as  growth  hormone 

119  binding  protein  (GHBP),  and  GH,  using  the  bacterially  expressed  extracellular  domain  of 

120  the  GHr  [29],  These  classic  studies,  however,  were  limited  in  that  they  utilized  high 

121  concentrations  of  only  the  ECD  of  the  GHr,  and  did  not  initially  examine  the  in  vivo 

122  structural  biology. 

123  Other  subsequent  studies  suggested  that  full  length  receptor  predimerization  did 

124  occur  in  vivo  in  the  absence  of  ligand  [30,31],  Indeed,  Gent  et  al.  [32]  confirmed  pre- 

125  dimerization  of  GHr,  demonstrating  that  this  process  occurred  in  the  endoplastic 

126  reticulum  (ER)  via  the  transmembrane  domain,  a  process  which  is  facilitated  by  the 

127  ECD.  Recent  studies  employing  fluorescence  resonance  energy  transfer  (FRET), 

128  however,  suggest  that  ECD  facilitation  of  pre-dimerization  may  not  be  a  prerequisite 

129  [33], 

130  Pre-dimerization  of  the  receptor,  however,  is  insufficient  to  trigger  signaling  in  the 

131  absence  of  ligand,  suggesting  that  the  function  of  pre-dimerization  is  to  hold  the 
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132  receptor  in  a  “ready”  position  until  addition  of  ligand  induces  the  necessary 

133  conformational  changes  for  activation  of  Jak2  kinase  and  subsequent  signaling. 

134  Conformational  changes  in  the  ECD  can  be  transduced  into  activation  of  the  ICD,  as 

135  evidenced  by  a  study  showing  that  a  monoclonal  antibody  against  the  GHr  ECD  can 

136  induce  GH-independent  signaling  [34],  More  detailed  analysis  has  suggested  that  GH 

137  activates  a  pre-formed  dimer  by  transmission  of  rotational  torque  through  the  TM 

138  resulting  in  rotation  of  the  GHr  ICDs  [33],  However,  this  study  relied  exclusively  upon 

139  transfected,  mutant  GHrs,  and  various  studies  investigating  rotational  torque  to  induce 

140  activation  were  not  consistent  in  the  degree  of  rotation  required  for  activation. 

141  Similar  data  has  been  reported  for  the  erythropoietin  (EPO)  receptor.  Further 

142  studies  indicate  that  the  transmembrane  domain  plays  a  major  role  in  EPOr  ligand- 

143  independent  dimerization  [35],  The  proposed  mechanism  of  EPOr  activation  upon 

144  ligand-binding  is  via  a  scissor-like  movement  of  the  ICD  [36],  which  is  slightly  different 

145  than  the  rotational  torque  mechanism  proposed  for  liganded  GHr  [33],  This  indicates 

146  that  although  these  homologous  receptors  pre-dimerize  in  the  absence  of  ligand, 

147  different  mechanisms  may  exist  for  their  ligand-induced  activation. 

148  Few  studies  have  looked  at  ligand-independent  dimerization  of  the  PRLr.  One 

149  report  demonstrated  that  recombinant  soluble  PRLr-ECD  (PRLBP)  does  not  pre- 

150  dimerize  but  rather  forms  an  unstable,  transient  homodimer  upon  PRL  binding  [37], 

151  Furthermore,  full  length  (ie  TM  domain-containing  PRLr)  failed  to  show  FRET  in  the 

152  absence  of  PRL  [38],  Other  studies  have  been  unable  to  detect  a  FRET  signal  between 

153  PRLr  and  GHr  heterodimers  in  the  absence  of  ligand  [38],  while  another  study 

154  demonstrated  a  lack  of  bioluminescence  resonance  energy  transfer  (BRET)  signal 
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155  between  homo  and  heterodimers  of  long  and  the  two  short  PRLr  isoforms  in  the 

156  absence  of  ligand  [39],  However,  a  recent  article  has  demonstrated  ligand-independent 

157  hetero-  and  homo-  dimerization  of  the  long  and  2  short  PRLr  isoforms  using  co- 

158  immunoprecipitation  and  bioluminescence  resonance  energy  transfer  (BRET)  [40],  As 

159  the  discordant  Qazi  et  al.  [40]  and  Tan  et  at.  [39]  studies  both  investigated  the  homo- 

160  and  hetero-  dimerization  of  the  long  and  2  short  isoforms  using  BRET  analysis  in  the 

161  same  cell  line,  the  non-concordant  results  may  be  due  to  differences  in  the  nature  of  the 

162  constructs  used  by  these  two  labs  and/or  the  relatively  insensitive  plate-based 

163  FRET/BRET  approaches  used  by  some  of  these  labs. 

164  Recently  our  lab  has  demonstrated  ligand-independent  dimerization  of 

165  transfected  and,  for  the  first  time,  endogenous  PRLr  [41],  by  biochemical  approaches. 

166  The  co-immunoprecipitation  of  endogenous  PRLr  isoforms  showed  that  dimerization  of 

167  the  hPRLr  occurs  at  physiologic  concentrations  and  is  not  an  artifact  of  transfection.  In 

168  addition,  transfected  epitope-tagged  isoforms  of  the  PRLr  demonstrated  that  long, 

169  intermediate  and  AS1  PRLrs  formed  ligand-independent  homo-  and  heterodimers. 

170  Using  PRLr  deletion  constructs,  it  was  shown  that  the  TM  domain  has  a  significant  role 

171  in  ligand-independent  PRLr  dimerization.  Although  interactions  between  the  ECD  and 

172  ICD  in  the  dimeric  pair  do  not  appear  necessary  for  this  process,  interactions  between 

173  these  domains  do  appear  to  strengthen  the  dimerization.  Therefore,  these  findings 

174  indicate  that  the  TM  domain  is  sufficient  for  ligand-independent  dimerization  and  that 

175  this  interaction  is  strengthed  by  the  ECD  and  ICD.  These  data  are  consistent  with  a 

176  recent  study  demonstrating  that  a  mutation  of  a  single  cysteine  residue  in  the  TM 

177  domain  inhibited  ligand-independent  dimerization  by  approximately  30%  [40], 
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178  Taken  together,  these  data  make  a  case  for  ligand-independent  dimerization  of 

179  cytokine  receptors,  including  the  PRLr.  Rather  than  induce  dimerization  of  monomeric 

180  receptors,  the  addition  of  ligand  appears  to  bind  a  preformed  dimer  and  initiate 

181  conformational  changes  that  lead  to  activation  of  the  receptor  ICDs  and  associated 

182  kinases  (see  Figure  1).  Given  the  rapid  activation  of  Jak2  kinases  within  30  seconds 

183  after  ligand  stimulation,  pre-dimerization  of  the  cytokine  receptors  makes  teleological 

184  sense;  the  delay  monomeric  receptors  would  encounter  secondary  to  lateral  diffusion 

185  through  the  cell  membrane,  could  result  in  a  significant  delay  in  ligand  stimulated 

186  receptor  dimerization  and  signaling.  With  the  dimerization  status  of  the  PRLr  and  GHr 

187  within  the  cell  membrane  largely  resolved,  however,  the  conundrum  that  now  presents 

188  itself  is  what  enables  the  receptor  to  alter  its  conformation  following  ligand  binding,  such 

189  that  its  associated  kinases  become  activated? 

190 

191  Function  of  peptidyl  prolyl  isomerases  in  signal  transduction 

192  Peptidyl-prolyl  isomerases  (PPI)  are  a  superfamily  of  enzymes  that  catalyze  the  cis- 

193  trans  interconversion  of  imide  bonds  of  proline  residues.  The  first-identified  member  of 

194  the  cyclophilin  family  of  PPI,  cyclophilin  A  (CypA)  was  found  to  span  165  amino  acids 

195  with  an  approximate  SDS-PAGE  mobility  of  18  kiloDaltons  [42],  Structural  analysis  of 

196  CypA  revealed  an  eight-stranded  antiparallel  p-barrel  core  with  two  capping  a-helices.  A 

197  hydrophobic  pocket  on  this  barrel  contains  the  PPI  enzymatic  site.  As  a  PPI,  CypA  was 

198  thought  initially  to  assist  in  nascent  protein  folding  in  vivo.  CypA  was  also  identified  as  a 

199  cytosolic  receptor  of  the  immunosuppressive  drug  cyclosporine  A  (CsA)  [42-44], 

200 
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201  INSERT -Box  2 

202 

203  Several  lines  of  evidence,  however,  have  recently  demonstrated  that  PPIs 

204  directly  function  to  modulate  protein  signal  transduction,  using  their  PPI  activity  to 

205  “switch”  recognized  signaling  proteins  into  either  an  active  or  inactive  conformer  [45], 

206  One  such  example  is  the  regulation  of  the  transforming  growth  factor-beta-receptor 

207  (TGF(3R)  by  the  PPI  FKBP12.  Engagement  of  FKBP1 2  of  the  proline-rich  sequence  with 

208  the  intracellular  domain  of  the  TGF|3R  results  in  down-regulation  of  ligand-stimulated 

209  receptor  transphosphorylation  and  signaling  [46,47],  Other  studies  have  revealed  that 

210  CypA  can  modulate  the  tyrosine  kinase  activity  of  the  Tec-family  member  Itk,  by 

211  inducing  a  conformational  switch  within  the  SFI2  domain  of  this  kinase  [48],  In  addition 

212  to  their  regulation  of  cell  surface  receptors,  PPIs  can  impact  cell  signaling  by  their 

213  interaction  with  transcription  factors  such  as  c-Myb  [49],  IRF4  [50],  and  Stat5  [51,52], 

214 

215  Role  of  cyclophilins  and  prolyl  isomerization  to  PRLr  function 

216  Initial  studies  have  revealed  a  significant  role  for  cyclophilin  family  members  in  the 

217  regulation  of  PRLr-mediated  signaling.  Two  members  of  the  cyclophilin  family,  CypB 

218  and  CypA  have  been  respectively  found  to  associate  and  modulate  the  function  of  Stat5 

219  and  Jak2.  Triggered  by  PRL,  CypB  potentiates  Stat5  function  by  inducing  the  release  of 

220  the  Stat  repressor,  PIAS3  [51,52],  resulting  in  the  enhanced  PRL-induced  gene 

221  expression,  proliferation,  cell  motility,  and  the  enhanced  expression  of  the  receptors  for 

222  estrogen,  progesterone,  growth  hormone,  and  prolactin  [53],  In  contrast,  CypA 

223  constitutively  associates  with  the  PRLr  and  Jak2  [54],  resulting  in  enhanced  Jak2  and 
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224  Stat5  activity.  These  initial  observations  led  to  the  hypotheses  that  cyclophilins  may 

225  function  as  a  proximate  signaling  switch  during  PRLr  transduction  (and  CypB  a  distal 

226  switch),  and  that  the  pharmacologic  blockade  of  the  PPI  activity  of  CypA/B  may  down- 

227  regulate  PRLr  signaling  and  function  in  breast  cancer. 

228  To  further  explore  the  role  of  CypA  in  the  proximate  activation  of  the  PRLr  a 

229  multi-pronged  approach  was  utilized,  that  included:  1 )  overexpression  of  wild  type 

230  CypA,  2)  knockdown  of  CypA  through  the  use  of  SiRNA  3)  overexpression  of  a  PPI- 

231  inactive,  mutant  CypA,  4)  the  development  of  a  point-mutant  of  the  PRLr  incapable  of 

232  binding  CypA,  and  5)  the  use  of  the  cyclophilin  PPI  inhibitor  cyclosporine  A  (CsA)  [55], 

233  Consistent  with  its  role  as  a  signaling  switch,  overexpression  of  wild  type  CypA  resulted 

234  in  significant  increases  in  Stat5-driven  gene  expression  from  luciferase  reporters 

235  consisting  of  singular  (LHRE)  and  composite  (CISH,  cyclin  D1 )  response  elements,  as 

236  well  as  the  endogenous  expression  of  both  the  Stat5-responsive  CISH  and  cyclin  D1 

237  genes  at  the  mRNA  and  protein  levels.  Conversely,  50%  reductions  in  CypA  levels 

238  mediated  by  CypA  SiRNA  resulted  in  2-3  fold  reductions  in  reporter  and  endogenous 

239  gene  expression.  To  further  establish  a  causal  relation  between  the  enzymatic  activity  of 

240  CypA  and  PRLr-mediated  activation  of  Jak2,  isomerase-deficient  point  mutant  forms 

241  were  overexpressed  in  T47D  breast  cancer  cells,  resulting  in  highly  significant 

242  reductions  in  PRL-induced  reporter  and  endogenous  gene  expression  and  two-three 

243  fold  reductions  in  the  levels  of  Jak2  phosphorylation.  Finally,  to  prove  that  the  actions  of 

244  CypA  associated  with  the  PRLr  was  directly  responsible  for  the  activation  of  Jak2,  the 

245  binding  site  for  CypA  on  the  PRLr  was  pin-pointed  through  targeted  mutagenesis. 

246  These  studies  revealed  that  truncations  of  the  PRLr  shorter  than  constructs  containing 
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247  the  X-box  motif  were  incapable  of  interacting  with  CypA.  Analysis  of  the  X-box  motif 

248  revealed  a  proline  at  residue  334  that  was  conserved  across  all  PRLr  species.  Given 

249  the  affinity  of  cyclophilins  for  proline  residues,  it  was  hypothesized  that  P334  could  play 

250  an  important  role  in  the  engagement  of  CypA.  To  test  this  hypothesis  a  proline-to- 

251  alanine  replacement  mutation  of  the  PRLr  was  generated  (P334A),  and  the  ability  of  this 

252  mutant  PRLr  to  interact  with  CypA  and  mediate  PRL-induced  signaling  was  tested. 

253  These  studies  revealed  that  when  expressed  in  T47D  cells,  the  mutant  P334A  PRLr 

254  demonstrated  significantly  reduced  association  with  CypA,  while  the  ability  of  this 

255  mutant  receptor  to  bind  to  Jak2  was  not  altered.  Overexpression  of  the  P334A  mutant 

256  in  T47D  cells,  however,  resulted  in  a  marked  reduction  of  both  Jak2  and  Stat5 

257  phosphorylation.  Consistent  with  these  findings  were  the  markedly  reduced  ability  of  the 

258  the  P334A  PRLr  to  induce  the  expression  of  either  PRL-responsive  reporters  or 

259  endogenous  genes.  These  findings  were  viewed  as  notable,  in  that  T47D  cells  in  which 

260  these  studies  were  conducted  are  known  to  express  high  levels  of  endogenous  PRLr, 

261  indicating  that  the  P334A  mutant,  perhaps  through  heterodimerization  with  the  wt  PRLr, 

262  functions  as  a  dominant  negative  receptor.  When  assessed  with  the  data  presented 

263  above,  these  findings  revealed  that  the  direct  action  of  the  CypA  on  the  PRLr  is  required 

264  for  effective  PRL-induced  signaling,  a  process  that  is  inhibited  by  P334A  PRLr  mutant. 

265 

266  INSERT  -  Box  3 

267 

268  Cyclosporine  A  (CsA)  inhibits  in  vitro  PRL-induced  signaling  and  function  in 

269  breast  cancer  cells 
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270  Given  the  notable  effects  on  PRLr  signaling  through  the  manipulation  of  CypA  levels, 

271  binding,  and  activity,  it  was  hypothesized  that  the  inhibitor  of  cyclophilin  prolyl 

272  isomerase  activity,  cyclosporine  A  could  have  a  significant  effect  on  PRLr-mediated 

273  signaling.  Furthermore,  by  acting  on  the  PRLr  and  other  cyclophilin-dependent 

274  receptors  and  signaling  pathways,  it  was  also  hypothesized  that  CsA  could  significantly 

275  alter  the  growth  and  progression  of  human  breast  cancer  [55],  To  that  end,  treatment  of 

276  a  spectrum  of  ER-positive  and  -negative  (and  Her2+)  breast  cancer  cell  lines  with  CsA 

277  resulted  in  a  significant  dose-dependent  inhibition  of  cell  growth.  At  low-intermediate 

278  dose  (1-10  pg  CsA/ml),  CsA  treatment  inhibited  the  proliferation,  but  did  not  induce  the 

279  death  of  breast  cancer  cells.  Treatment  at  higher  doses  (30  pg  CsA/ml  and  above) 

280  resulted  in  the  induction  of  cell  death.  These  studies  were  extended  to  examine  the 

281  effects  of  CsA  treatment  on  anchorage-independent  growth,  as  measured  by  soft  agar 

282  colony  formation.  Treatment  of  CsA  resulted  in  both  a  significant  decrease  in  breast 

283  cancer  cell  colony  number  and  colony  size.  In  addition,  both  cell  migration  and  invasion 

284  were  inhibited  by  CsA.  Taken  together,  these  finding  revealed  that  CsA  inhibited  many 

285  of  the  malignant  properties  of  breast  cancer  cells  in  vitro. 

286  Given  the  effects  of  CsA  on  breast  cancer  cell  biology,  the  effects  of  CsA  on 

287  PRL-induced  breast  cancer  signaling  were  tested  [55],  These  studies  showed  that  CsA 

288  pre-treatment  of  breast  cancer  cells  resulted  in  a  near  complete  inhibition  of  Jak2/Stat5 

289  phosphorylation,  and  notable  reductions  in  AKT  and  ERK  activation.  These  reductions 

290  were  found  to  correlate  with  significant  decreases  in  PRL-induced  gene  expression  at 

291  both  the  reporter  and  endogenous  gene  level.  Interestingly,  co-immunoprecipitatation 

292  analysis  revealed  that  while  CsA  had  no  effect  whatsoever  on  the  PRLr-Jak2 
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293  interaction,  it  completely  abolished  the  interaction  of  CypA  with  the  PRLr,  consistent 

294  with  the  data  obtained  by  mutagenesis  of  the  PPI  site  in  CypA.  The  inhibition  of  receptor 

295  signaling  by  CsA  was  found  to  be  specific,  in  that  while  the  PRLr-  and  GHr-associated 

296  signaling  were  reduced  by  CsA,  no  effect  of  this  PPI  inhibitor  was  noted  for  either  the 

297  insulin  or  epidermal  growth  factor  receptors. 

298 

299  In  vivo  relevance  of  CsA  treatment  of  breast  cancer 

300  Given  that  CsA  inhibited  the  growth,  motility,  invasion,  and  soft  agar  colony  formation  of 

301  human  breast  cancer,  we  hypothesized  that  CsA  could  inhibit  the  in  vivo  growth  of 

302  human  breast  cancer  [55],  This  hypothesis  was  supported,  as  noted  above,  by 

303  precedent  data  demonstrating  as  much  as  a  90%  decrease  in  the  incidence  of  breast 

304  cancer  in  female  allograft  patients  receiving  CsA  for  immunosuppression  [12].  To  test 

305  this  hypothesis,  both  the  ER+  human  breast  cancer  line  MCF7  and  the  ER-  line 

306  MDA231  were  xenografted  into  the  lactiferous  ducts  of  nude  mice  and  the  growth  and 

307  biologic  characteristics  of  the  resultant  tumors  assessed.  Two  biologic  parameters  were 

308  found  to  be  significantly  changed  as  a  function  of  CsA  therapy,  notably  central  tumor 

309  necrosis  and  metastasis.  First,  central  tumor  necrosis  was  markedly  increased, 

310  particularly  in  ER+  tumors.  Second,  and  most  remarkably,  not  a  single  metastasis  to 

311  lymph  nodes,  brain,  or  visceral  organs  were  noted  in  CsA  treated  mice.  Indeed,  in  the 

312  experimental  groups  receiving  varied  doses  of  CsA  (some  as  low  as  10  mg/kg/day), 

313  numbering  150  mice,  no  metastasis  were  noted,  whereas  nearly  50%  of  the  control 

314  mice  demonstrated  metastasis.  Additional  biochemical  and  immunohistochemical 

315  analysis  of  the  CsA-treated  and  control  primary  breast  cancers  in  the  xenografted  mice, 
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316  revealed  that  CsA  therapy  inhibited  the  in  vivo  association  of  CypA  with  the  PRLr,  and 

317  significantly  reduced  the  PRL-responsive  expression  of  cyclin  D1 .  These  highly 

318  significant  results  have  several  implications:  1 )  they  support  an  in  vivo  biologic  role  for 

319  CypA  and  its  attendant  PPI  activity,  2)  raise  interesting  questions  regarding  the  function 

320  of  CypA  in  supporting  the  metastatic  process  and  potentially  central  tumor 

321  angiogenesis,  3)  indicate  that  the  effects  of  CsA  are  direct  and  not  a  consequence  of 

322  immunosuppressive  actions  (given  our  results  in  vitro  and  in  the  T/B  cell  deficient,  nude 

323  mouse),  and  4)  raise  the  distinct  possibility  that  the  FDA-approved  drug,  CsA,  or 

324  analogs  thereof  may  be  of  use  in  the  treatment  of  human  breast  cancer.  The 

325  pharmacokinetics  of  CsA  with  respect  to  its  immunosuppressive  actions  and  toxic  side 

326  effects  are  well  understood  and  have  been  manageable  in  the  clinical  setting,  a  situation 

327  analogous  to  many  of  the  effects  clinically  observed  with  the  chemotherapeutic  agents 

328  currently  used  to  treat  breast  cancer.  Thus,  the  actions  of  cyclophilins  shed  light  not 

329  only  on  the  mechanisms  of  proximal  receptor-based  signaling,  they  may  provide 

330  significant  translational  opportunities  for  the  development  of  novel  PPI-inhibitory 

331  therapies  directed  against  human  breast  cancer. 

332 

333  Conclusions 

334  Collectively,  this  research  has  altered  our  vision  of  how  PRLr,  and  GHr,  signaling 

335  is  mediated  in  breast  cancer.  Careful  analysis  has  revealed  that  the  conventional  view 

336  of  ligand-induced  dimerization  of  the  PRLr  and  GHr  triggering  receptor-associated 

337  signaling  was  largely  based  on  the  artifice  of  in  vitro  studies  using  only  the  extracellular 

338  domains  of  these  receptors.  Subsequent  analysis  using  full  length  receptors  in  their  in 
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339  vivo  setting  has  revealed  an  entirely  different  picture,  i.e.  that  the  PRLr  and  GHr  are  pre- 

340  dimerized  and  that  the  activation  of  receptor-associated  Jak2  kinases  occurs  as  a 

341  consequence  of  conformational  change  in  the  receptors,  in  part  mediated  by  prolyl 

342  isomerases,  such  as  cyclophilin  A.  These  findings  raise  a  number  of  questions  and 

343  research  directions.  For  example,  regarding  the  ligand-independent  dimerization  of  the 

344  PRLr,  what  precise  domains/residues  are  involved  in  PRLr  predimerization?  What 

345  would  be  the  effects  on  signaling  if  these  domains  were  disrupted?  In  terms  of  the 

346  actions  of  cyclophilins  and  CsA,  what  are  the  dynamic  changes  within  the  PRLr  induced 

347  by  cyclophilin  following  ligand  binding?  How  does  CsA  stimulate  tumorigenesis  at 

348  multiple  sites  in  the  body,  and  yet,  significantly  inhibit  the  progression  of  breast  cancer? 

349  Can  CypA  be  targeted  in  a  specific  manner,  such  that  the  immunosuppressive  and  non- 

350  specific  effects  of  CsA  can  be  avoided?  Is  continuous  therapy  with  CsA  efficacious  at 

351  preventing  or  inhibiting  the  progression  of  existent  breast  cancer  in  patients?  While 

352  significant,  the  challenges  poised  by  these  questions  present  an  opportunity  to  examine 

353  the  fundamental  mechanisms  of  proximal  cytokine  receptor-based  signaling  and 

354  translate  them  into  novel  therapies  directed  against  disease  states  dependent  upon  the 

355  actions  of  prolyl  isomerases. 

356 

357 
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BOX  1  -  PRLr  isoforms 

Representing  the  first  human  PRLr  isoform  identified  and  containing  the  longest 
sequence,  the  long  hPRLr  represents  a  classic  Type  I  single  pass,  cell  membrane 
receptor  consisting  of  an  extracellular  (ECD),  a  transmembrane  (TM),  and 
intracellular  domains  (ICD).  The  intermediate  and  AS1  hPRLr  isoforms  are  generated 
from  alternative  splicing,  resulting  in  a  deletion  of  a  significant  portion  of  the  ICD  or 
deletion  of  a  portion  of  the  ECD,  respectively.  Two  short  forms  of  the  hPRLr,  known 
as  SI  a  and  Sib,  are  also  generated  via  alternative  splicing.  The  PRL  binding  protein 
(PRLBP)  represents  the  freely  circulating  ECD  of  the  hPRLr,  and  arises  from  a 
proteolytic  event  rather  than  a  splicing  event.  In  addition,  using  an  antibody  specific 
for  the  PRLr  ICD,  our  lab  has  recently  observed  a  PRLr  that  consists  of  the  TM 
domain  and  the  full-length  ICD,  an  isoform  termed  the  AECD.  This  fragment  is 
probably  generated  upon  the  proteolytic  cleavage  that  releases  the  PRLBP. 
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363 


BOX  3  -  Role  of  CypA  in  cancer 

Several  lines  of  recent  evidence  suggest  that  CypA  may  contribute  to  the 
pathobiology  of  human  malignancy  [1],  First,  CypA  is  overexpressed  in  a  large 
number  of  the  primary  lung  cancers  [2],  in  human  pancreatic  cancer  cells  [4],  and  in 
oral  squamous  cancer  cells  [6],  Second,  CypA  overexpression  in  lung  cancer  cells 
enhances  tumor  growth  in  vivo ;  conversely,  stable  suppression  of  CypA  diminishes 
tumor  growth  in  vivo  [8],  Third,  recent  studies  have  demonstrated  that  overexpression 
of  CypA  in  a  variety  of  cancer  cells  confers  resistance  to  oxidative  stress-induced  cell 
apoptosis  in  vitro  [9],  Finally,  significant  epidemiologic  data  has  implicated  a  role  for 
cyclophilins  in  the  pathogenesis  of  breast  cancer.  In  a  case  cohort  of  25,000  women 
who  had  received  CsA  as  therapy  for  renal  and  cardiac  allografts  a  significant 
increase  in  malignancies  were  noted  at  various  sites,  including  skin,  lymph  tissues, 
kidney,  and  oropharynx.  However,  a  reduction  in  the  incidence  of  breast  cancer  of  up 
to  50%  in  the  CsA-treated  group  was  noted  over  a  ten-year  follow-up  period.  Indeed, 
in  the  first  year  of  therapy,  the  CsA-treated  cohort  demonstrated  a  90%  reduction  in 
the  incidence  of  breast  cancer  [12],  Taken  together,  these  data  suggest  that  CypA 
may  play  an  important  role  in  tumorigenesis  at  multiple  sites  within  the  body. 
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504  FIGURE  LEGENDS 

505 

506  Figure  1.  Ligand-Dependent  and  -Independent  Dimerization  of  the  PRLr. 

507  Schema  1  depicts  the  precedent  ligand-dependent  dimerization  model.  In  this  model, 

508  based  on  initial  in  vitro  data  using  only  ECD,  the  PRLr  is  in  monomeric  form  at  the  cell 

509  membrane.  In  this  sequential  dimerization  model,  one  molecule  of  PRL  first  binds  to  one 

510  PRLr  monomer  via  binding  site  1,  and  this  1:1  complex  then  recruits  the  second  PRLr 

511  via  binding  site  2.  The  dimerization  of  the  two  PRLrs  leads  to  activating  changes  in  the 

512  intracellular  domain,  leading  to  PRL  signal  transduction,  such  as  phosphorylation  of  the 

513  Jak2  kinase,  phosphorylation  of  the  PRLr,  and  the  recruitment  and  phosphorylation  of 

514  Stat5a.  Schema  2  depicts  the  ligand-independent  model.  In  this  model,  the  PRLr  exists 

515  in  dimeric  form  at  the  cell  membrane  in  the  absence  of  ligand.  Recent  data  using  full 

516  length  and  mutant  truncated  receptors  in  vivo  indicate  that  this  interaction  involves  the 

517  transmembrane  domain.  This  ligand-independent  interaction  holds  the  receptors  in  an 

518  inactive  form  until  the  binding  of  PRL  to  this  preformed  complex  induces  activating 

519  changes  in  the  intracellular  domain,  leading  to  phosphorylation  of  the  Jak2  kinase, 

520  phosphorylation  of  the  PRLr,  and  the  recruitment  and  phosphorylation  of  Stat5a. 

521 

522  Figure  2.  Regulation  of  the  PRLr/JAK2  complex  by  PRLr-associated  CypA. 

523  CypA  is  constitutively  associated  with  PRLr  and  Jak2  during  unstimulated  conditions. 

524  Upon  binding  of  PRL  to  the  PRLr,  CypA  positively  regulates  Jak2  activity  by  exerting  its 

525  isomerase  activity,  presumably  through  its  switching  function  of  a  cis-trans  peptidyl 

526  prolyl  isomerase.  Ablation  of  CypA  PPI  activity  by  cyclosphorine  (CsA)  and  other 
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527  approaches  inhibits  PRL  signaling  and  may  be  a  novel  therapeutic  strategy  in  the 

528  treatment  of  human  breast  cancer.  Red  arrow  denotes  cis-trans  interconversion  of 

529  proline  334  in  the  X-box  motif  of  the  PRLr;  Red  circle  containing  P  indicates 

530  phosphorylation  of  JAK2  kinase,  PRLr,  and  Stat5. 
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The  growth  and  progression  of  human  breast  cancer  is  regulated  by 
several  cell  surface  receptors,  including  the  prolactin  receptor  (PRLr). 
These  r ecept or - 1 r i  gger ed  signals  directly  contribute  to  prolactin  (PRL) 
induced  proliferation,  survival,  and  motility  of  human  breast  cancer. 

The  major  goal  of  the  proposed  project  is  to  understand  how  cyclophilin 
A  (CypA)  modulates  the  prolactin  (PRL)  receptor  (PRLr)-associated 
signaling  and  to  determine  the  effects  of  altered  CypA  levels  and 
activity  on  PRL  signaling  and  breast  cancer  phenotype  by  combining 
biophysical  structural  investigations  with  studies  in  cell  and  animal 
models.  Our  data  suggest  that  CypA,  serving  as  a  molecular  switch  via 
its  peptidyl-prolyl  iso  me  rase  (PPI)  activity,  binds  to  and  regulates  the 
function  of  the  PRLr  through  its  X-box  motif.  From  a  translation 
perspective,  we  have  also  shown  that  the  X-box  peptide  significantly 
blocks  PRLr  signaling.  The  knowledge  we  obtained  from  this  study  will 
contribute  to  a  greater  understanding  of  the  mechanism  of  PRL  action. 
Given  that  the  PRLr  - 1  r  i  gger  ed  signals  directly  contribute  to  PRL-induced 
proliferation,  survival,  and  motility  of  human  breast  cancer,  the 
proposed  study  in  detail  on  the  effect  of  CypA  on  PRLr  structure  and 
function  will  have  a  significant  impact  on  human  breast  cancer. 


